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SUMMARY 
Prunus dulcis (Miller) D.Webb (bitter almond) and two wild almond species, P. 
lycioides (Spach) C.K.Schneider and P. scoparia (Spach) C.K.Schneider, are all 
three native species to Iran. Almond species, in general are characterised as 
drought resistant. The three species mentioned are used as rootstock, but only P. 
dulcis serves as a rootstock for commercial almond (P. dulcis cvs) production. 
These three species occupy large areas of the Iranian and neighbouring countries’ 
countryside. They have an important role in fighting desertification and providing 
products for human consumption, such as almond kernels and oil which is used in 
confectionery, and also in pharmaceutical and cosmetic preparations. 
The present study concentrates on seed germination and dormancy, and drought 
stress of three mentioned almond species and specific objectives of the study 
were: (i) effects of scarification, stratification, gibberellic acid application and 
different temperature regimes on seed germination behaviour of P. scoparia and 
(ii) compare photosynthetic gas exchange patterns of both wild almond species (P. 
lycioides and P. scoparia), together with the commonly studied P. dulcis (bitter 
almond), during drought stress build-up and a subsequent recovery period, for 
estimation of their growth and production potential as rootstock material.  
Effect of scarification and cold stratification on seed germination and subsequent 
seedling growth of P. scoparia is studied in combination with or without mechanical 
scarification. Best results were obtained at 9-10 °C, and 90 days of cold duration 
for germination percentage together with other plantlet parameters (shoot length 
and diameter; and dry matter of total plant, leaf, stem and root) for non-scarified 
and scarified seeds. Mechanical scarification reduced germination to 27% 
compared to non-scarified seeds (77%) at 9-10 °C for 90 days cold duration 
treatment. Scarified seeds showed better germination results (8%) at 4-5 °C, 
whereas germination percentage was almost zero for non-scarified seeds at the 
same temperature. Best germination percentages for non-scarified and scarified 
seeds were 77% and 27% at 9-10 °C compared to 3% and 17% at 4-5 °C. There 
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was an overall trend of increasing germination with increasing cold duration from 
45 to 90 days. Endocarp opening percentage (83.3%), mean germination time 
(37.3 days) and radicle length (9.7 cm) showed the best results for non-scarified 
seeds after 90 days of cold duration at 9-10 °C. Highest dry matter production (an 
average of 620 g for non-scarified and scarified seeds) was observed at 9-10 °C 
for 90 days cold duration treatment, as compared to zero and 554g for non-
scarified and scarified seeds at 4-5 °C. Scarified seeds showed better results in 
terms of germination, leaf, stem and root dry matter accumulation at 4-5 °C, 
whereas it was almost zero for non-scarified seeds at the same treatment 
temperature. In conclusion, non-scarified seeds performed better than scarified 
seeds when incubated at 9-10 °C for 90 days cold duration treatment. Scarified 
seeds could be used if incubated at 4-5 °C.  
Influence of gibberellic acid and different temperature regimes were also studied 
on germination of P. scoparia. Germination percentages did not significantly 
increase after application of gibberellic acid at 7 °C, but increased significantly at 
22 °C. Significant differences were observed between control (0 ppm) and 500 ppm 
gibberellic acid. Nevertheless, the highest seed germination percentage was 
observed with 125 ppm gibberellic acid at 7 °C. Effects of gibberellic acid 
treatments on seedling root lengths were not significant at any of both tested 
temperatures but temperature itself had a highly significant effect. Maximum 
seedling lengths were observed at 250 ppm gibberellic acid and 22 °C 
temperature. Effects of gibberellic acid treatments on seedling lengths were 
significant but temperature had no effect on stem elongation. Treatment with 
gibberellic acid up to 250 ppm increased plant height.  
Photosynthetic gas exchange characteristics, water relations, stomatal 
characteristics, pigments concentration and growth parameters were studied in 
three almond species during drought stress and subsequent recovery. In the 
absence of drought stress, maximum net assimilation rate is highest for P. scoparia 
and lowest for P. dulcis. For all species maximum net assimilation rate was above 
16 µmol CO2 m−2 s−1. A similar relationship between maximum net assimilation rate 
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and dark respiration rate was observed for all species. This relationship suggests 
that optimisation of the carbon budget is independent of species. P. scoparia lost 
all its leaves during the experiment, while P. lycioides only kept some leaves, and 
the remaining leaves were almost totally wilted and did not allow any 
photosynthesis measurement. P. scoparia did not recover during the experiment, 
as no new leaves were developed once Ψs was restored to pre-drought stress 
levels. However, this species has green stems, indicating that stem photosynthesis 
might play an important role in the plants’ overall carbon balance. Although all P. 
lycioides leaves were almost completely wilted during the experiment, this species 
recovered rather quickly. Newly formed leaves at the end of the experiment, 
obtained maximal assimilation rates under control Ψs levels, equivalent to those 
measured in the control treatment. Finally, P. dulcis did keep at least part of its 
leaves during drought stress. However, assimilation rates after 2 weeks of drought 
treatment and 3 weeks of recovery were only about half of those measured in the 
control treatment. Of the three investigated species, non-stomatal limitation of 
assimilation seems to be the least important in P. dulcis. Intrinsic water use 
efficiency, defined as the ratio of assimilation rate over stomatal conductance, 
increased for P. dulcis with increasing drought stress, while a different pattern was 
observed for P. lycioides and P. scoparia, indicating non-stomatal processes 
prevail over stomatal limitations of the assimilation process.  
Leaf water and osmotic potential for all three species and for all treatments in this 
study are significantly linearly related. This means that a decrease in water 
potential value is accompanied by a decrease in osmotic potential. The behaviour 
of leaf water and osmotic potential was comparable for the three species during the 
course of the experiment except for the third recovery week. In all species, water 
and osmotic potential decreased with increasing drought stress from control to 
second drought stress level. At lower stress levels P. scoparia had the most 
negative water and osmotic potential values, whereas at the highest water stress 
level its leaf water and osmotic potential was the least negative, indicating the 
hydrostability of this species. The largest hydrolability was shown by P. dulcis.  
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The behaviour of stomatal resistance was similar for the three species during the 
course of the experiment. In all species, stomatal resistance increased with an 
increase in drought stress level from control to second drought stress level. For all 
weeks, stomatal resistance values measured for the control was lower than those 
of the drought stress treatments. Stomatal resistance values were significantly 
different for P. lycioides and P. scoparia for all drought stress treatments during the 
course the experiment. Stomatal resistance for all species and for all weeks of the 
experiment increased for the different drought stress levels.  
Stomata for P. dulcis and P. scoparia were only observed on the abaxial side of the 
leaves, whereas in P. lycioides they were observed at both sides. For this latter 
species and for all treatments stomatal density was lower at the adaxial compared 
to the abaxial side of the leaves. However in both P. dulcis and P. lycioides, 
stomatal density decreased with increasing drought stress level even though the 
overall trend was not significant. P. scoparia had the highest stomatal density 
whereas P. lycioides had the lowest stomatal density at the control treatment. For 
all drought stress treatments P. lycioides had the lowest stomatal density whereas 
P. dulcis had the highest stomatal density. P. scoparia trees lost their leaves in all 
drought stress treatments. 
In control condition the highest chlorophyll a and carotenoid concentration was 
observed for P. scoparia, while P. dulcis had the highest chlorophyll b and the 
lowest carotenoid concentration. P. lycioides had the lowest chlorophyll a and b in 
control. In general, the highest concentrations were observed for chlorophyll a and 
the lowest for carotenoids, and this for all species and drought stress levels.  
Growth parameters of all plant species were reduced with increasing drought 
stress but the amount of reduction is species dependent and is related to the 
drought resistance of the species. In our study we observed a positive and 
significant correlation between leaf area and total plant dry weight; maximum net 
photosynthesis and leaf dry weight. A large part of the growth reduction found in 
our experiment was related to a reduction of the aboveground, compared to 
belowground, biomass. The overall growth reduction was significantly related to 
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leaf area but was also associated with a decrease of all other measured 
aboveground and belowground biomass components.  
In conclusion, cold treatment, especially cold duration above 5 °C, yielded good 
results on germination percentage and growth of seedlings. However, scarification, 
which was also carried out in this study, did not have a positive effect compared to 
non-scarification on germination percentage, mean germination time and radical 
length parameters. Only a few studies were carried out in the past were related to 
the germination of wild almond (P. scoparia). So, further investigations are 
necessary to find out the optimum cold temperature treatment and scarification 
technique for optimal germination of wild almond seeds. Stratification (moist 
chilling) yields better results in comparison to higher temperature treatment. Also, a 
high germination percentage, seedling length and stem number in wild almond (P. 
scoparia) seeds were obtained with application of gibberellic acid.  
The three investigated species seem to have a different reaction to a similar stress, 
indicating different drought stress coping strategies. It was concluded that P. dulcis 
is the species most tolerant to drought. P. scoparia tries to avoid drought, whereas 
P. lycioides has an intermediate behaviour. Besides P. dulcis, also P. lycioides 
seems to have some potential for use as rootstock for commercial almond 
production.  
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SAMENVATTING 
Prunus dulcis (Miller) D. Webb (bittere amandel) en twee wilde amandelsoorten, P. 
lycioides (Spach) C. K. Schneider en P. scoparia (Spach) C. K. Schneider, zijn alle 
drie inheemse soorten van Iran. Amandelsoorten zijn in het algemeen gekenmerkt 
door hun hoge droogteresistentie. De drie vermelde soorten worden gebruikt als 
onderstam, maar enkel P. dulcis wordt gebruikt als onderstam in de commerciële 
amandelteelt. De drie soorten komen voor in een groot aantal gebieden van het 
Iraanse platteland en in dat van de aangrenzende landen. Ze spelen een 
belangrijke rol in woestijnbestrijding en de productie van voedingsmiddelen en 
andere bestanddelen, zoals amandelpitten en -olie die in banketbakkerij, en ook in 
farmaceutische en cosmetische bereidingen wordt gebruikt. 
Deze studie concentreert zich op zaadkieming en dormantie, en droogtestress van 
de drie vermeld amandelsoorten. Specifieke doelstellingen van de studie waren: 
nagaan van (i) het effect van scarificatie, stratificatie, het gebruik van 
gibberellinezuur en verschillende temperatuurregimes op de zaadkieming van P. 
Scoparia; en (ii) een bepaling van de fotosynthetische gasuitwisselingspatronen 
van beide wilde amandelsoorten (P. lycioides en P. scoparia), samen met de meer 
algemeen bestudeerde P. dulcis (bittere amandel), onder invloed van toenemende 
droogtestress en een daarop volgende recuperatieperiode, om hun 
groeimogelijkheden en het productiepotentieel als onderstammateriaal in te 
schatten. 
Het effect van scarificatie en koude stratificatie op de kieming en de groei van de 
zaailingen van P. scoparia werd bestudeerd met of zonder mechanische 
scarificatie. De beste resultaten werden verkregen bij 9-10 °C en 90 dagen 
koudebehandeling voor wat betreft kiemingspercentage en groeiparameters van de 
zaailing (scheutlengte en -diameter, droge stof van totale plant, blad, stengel en 
wortel) voor zowel niet-gescarificeerde als gescarificeerde zaden. Mechanische 
scarificatie verminderde de kieming tot 27% in vergelijking met niet-gescarificeerde 
zaden (77%) bij 9-10 °C voor 90 dagen koudebehandeling. De gescarificeerde 
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zaden toonden dan weer betere kiemingsresultaten (8%) bij 4-5 °C, terwijl het 
kiemingspercentage bijna nul was voor niet-gescarificeerde zaden bij dezelfde 
temperatuur. De beste kiemingspercentages voor niet-gescarificeerde en 
gescarificeerde zaden bedroegen 77% en 27% bij 9-10 °C in vergelijking met 3% 
en 17% bij 4-5 °C. Er was een algemene tendens van stijgende kieming bij 
stijgende duur van de koudebehandeling van 45 tot 90 dagen. 
Openingspercentage van de zaadhuid (83,3%), gemiddelde kiemtijd (37,3 dagen) 
en lengte van kiemwortel (9,7 cm) toonden de beste resultaten voor niet-
gescarificeerde zaden na 90 dagen koudebehandeling bij 9-10 °C. De hoogste 
drogestofproductie (een gemiddelde voor niet-gescarificeerde en gescarificeerde 
zaden van 620 g) werd waargenomen bij 9-10 °C voor de 90 dagen 
koudebehandeling, in vergelijking met nul en 554 g voor niet-gescarificeerde en 
gescarificeerde zaden bij 4-5 °C. De gescarificeerde zaden toonden betere 
resultaten wat betreft kieming, blad-, stengel- en wortel-droge stofaccumulatie bij 
4-5°C, terwijl deze bijna nul waren voor niet-gescarificeerde zaden bij dezelfde 
behandelingstemperatuur. Samenvattend, presteerden de niet-gescarificeerde 
zaden beter dan de gescarificeerde zaden wanneer geincubeerd bij 9-10 °C voor 
de 90 dagen koudebehandeling. Gescarificeerde zaden zouden kunnen worden 
gebruikt indien geincubeerd bij 4-5 °C. 
De invloed van gibberellinezuur en verschillende temperatuurregimes op de 
kieming van P. scoparia werden ook bestudeerd. Kiemingspercentages stegen niet 
significant na toepassing van gibberellinezuur bij 7 °C, maar stegen wel significant 
bij 22 °C. Significante verschillen werden waargenomen tussen de 
controlebehandeling (0 ppm) en 500 ppm gibberellinezuur. Het hoogste 
kiemingspercentage werd waargenomen bij toediening van 125 ppm 
gibberellinezuur bij 7 °C. Effecten van de gibberellinezuurbehandelingen op de 
lengte van de zaailingwortels waren niet significant bij beide geteste temperaturen, 
maar de temperatuur zelf had wel een significant effect. Maximale zaailinglengtes 
werden waargenomen bij 250 ppm gibberellinezuur en een temperatuur van 22 °C. 
Effecten van gibberellinezuur behandelingen op zaailinglengten waren significant 
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maar de temperatuur had geen effect op de stengelgroei. Behandeling met 
gibberellinezuur tot 250 ppm verhoogde wel de planthoogte. 
De fotosynthetische gasuitwisselingskenmerken, plant-waterrelaties, stomatale 
kenmerken, pigmentconcentratie en groeiparameters werden bestudeerd bij de 
drie amandelsoorten tijdens een behandeling met verschillende droogtestress 
intensiteiten en een daarop volgende recuperatieperiode. In afwezigheid van 
droogtestress, is de maximum netto assimilatiesnelheid het hoogste voor P. 
scoparia en het laagste bij P. dulcis. Voor alle soorten was de maximum netto-
assimilatiesnelheid hoger dan 16 µmol CO2 m−2 s−1. Een gelijkaardig verband werd 
waargenomen tussen maximale netto-assimilatiesnelheid en 
donkerrespiratiesnelheid voor alle soorten. Dit verband suggereert dat de 
optimalisering van het koolstofbudget onafhankelijk is van de soort. P. scoparia 
verloor al zijn bladeren tijdens het experiment. P. lycioides behield slechts enkele 
bladeren, en de resterende bladeren waren bijna volledig verwelkt en lieten geen 
fotosynthesemeting toe. Tijdens de recuperatieperiode ontwikkelde P. scoparia 
geen nieuwe bladeren. Deze soort heeft echter wel groene stengels, wat erop wijst 
dat stengelfotosynthese een belangrijke rol zou kunnen spelen in de algemene 
koolstofbalans van de plant. Hoewel alle bladeren van P. lycioides bijna volledig 
waren verwelkt tijdens het experiment, recupereerde deze soort tamelijk snel. 
Nieuw gevormde bladeren aan het einde van het experiment, en dus tijdens de 
recuperatieperiode, vertoonden maximale assimilatiesnelheden equivalent aan die 
gemeten in de controlebehandeling. Tot slot, dient vermeld dat P. dulcis minstens 
een deel van zijn bladeren tijdens droogtestress behield. Nochtans waren de 
assimilatiesnelheden na 2 weken droogtebehandeling en 3 weken recuperatie 
slechts ongeveer de helft van die gemeten in de controlebehandeling.  
Voor de drie onderzochte soorten, lijkt de niet-stomatale beperking van de 
gasuitwisseling het minst belangrijk voor P. dulcis. De intrinsieke watergebruik-
efficiëntie, gedefinieerd als de verhouding van assimilatiesnelheid tot stomataal 
geleidingsvermogen, steeg voor P. dulcis met stijgende droogtestress, terwijl een 
verschillend patroon werd waargenomen voor P. lycioides en P. scoparia, wat erop 
Samenvatting XVII
wijst dat niet-stomatale processen overheersen bij stomatale beperkingen van het 
assimilatieproces. 
Bladwater- en osmotische potentiaal zijn beduidend lineair gerelateerd voor alle 
drie soorten, en voor alle behandelingen, in deze studie. Dit betekent dat een 
daling van de waterpotentiaal vergezeld gaat met een daling in osmotische 
potentiaal. Het gedrag van bladwaterpotentiaal en osmotische potentiaal was 
vergelijkbaar voor de drie soorten tijdens het experiment behalve tijdens de derde 
recuperatieweek. Voor alle soorten, daalden de bladwaterpotentiaal en de 
osmotische potentiaal met stijgende droogtestress van controle naar het tweede 
droogtestressniveau. Bij lagere stressniveaus had P. scoparia de meest negatieve 
bladwaterpotentiaal- en osmotische potentiaal-waarden, terwijl bij de grootste 
droogtestress de bladwater- en osmotisch potentiaal hier het minst negatief waren 
van de 3 beschouwde soorten. Dit wijst op de hydrostabiliteit van deze soort. P. 
dulcis vertoonde de grootste hydrolabiliteit. 
Het gedrag van de stomatale weerstand was vergelijkbaar voor de drie soorten, 
tijdens de loop van het experiment. In alle soorten, en voor alle 
behandelingsweken, steeg de stomatale weerstand met een verhoging van het 
droogtestressniveau van controle tot het tweede droogtestressniveau. De 
stomatale weerstandswaarden waren significant verschillend voor P. lycioides en 
P. scoparia voor alle droogtestress behandelingen gedurende het verloop van het 
experiment.  
Bij P. dulcis en P. scoparia werden stomata slechts aan de abaxiale kant van de 
bladeren waargenomen, terwijl ze bij P. lycioides aan beide kanten voorkomen. 
Voor deze laatstgenoemde soort en voor alle behandelingen was de stomatale 
dichtheid lager aan de adaxiale dan aan de abaxiale bladkant. Bij zowel P. dulcis 
als P. lycioides, verminderde de stomatale dichtheid met stijgende droogtestress. 
P. scoparia had de hoogste stomatale dichtheid terwijl P. lycioides de laagste 
stomatale dichtheid had bij de controlebehandeling. Voor alle 
droogtestressbehandelingen had P. lycioides de laagste stomatale dichtheid terwijl 
P. dulcis de hoogste stomatale dichtheid had. P. scoparia verloor zijn bladeren in 
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alle droogtestress behandelingen. 
In de controlebehandeling werd de hoogste chlorofyl a- en 
carotenoïdenconcentratie waargenomen voor P. scoparia, terwijl P. dulcis de 
hoogste chlorofyl b- en laagste carotenoïdenconcentratie had. P. lycioides had de 
laagste chlorofyl a- en b- concentratie in de controle. Algemeen werden de hoogste 
concentraties waargenomen voor chlorofyl a en de laagste voor carotenoïden, en 
dit voor alle soorten en droogtestressniveaus. 
Waarden van de groeiparameters van de 3 plantensoorten werden gereduceerd 
met stijgende droogtestress maar de grootte van de reductie is soortafhankelijk 
volgt het gedrag van de droogteweerstand van de soorten. In onze studie 
observeerden we een positieve en significante correlatie tussen bladoppervlakte 
en totaal drooggewicht van de plant en tevens tussen maximum nettofotosynthese 
en bladdrooggewicht. Een groot deel van de groeireductie die in ons experiment 
werd gevonden, had betrekking op een reductie van bovengrondse, in vergelijking 
met ondergrondse, biomassa. De algemene groeireductie was significant 
gerelateerd tot de bladoppervlakte maar was ook geassocieerd met een daling van 
alle andere gemeten bovengrondse en ondergrondse biomassacomponenten. 
 
Samenvattend leverde koudebehandeling, vooral boven 5 °C, goede resultaten op 
met betrekking tot kiemingspercentage en zaailinggroei. De scarificatie, die in deze 
studie werd uitgevoerd, had geen positief effect in vergelijking met niet-scarificatie 
op kiemingspercentage, gemiddelde kiemtijd en kiemwortel-lengteparameters. In 
het verleden, werden slechts een paar studies werden uitgevoerd die betrekking 
hadden op de kieming van wilde amandel (P. scoparia). Dus, verdere onderzoeken 
zijn noodzakelijk om de optimale koude temperatuurbehandeling en 
scarificatietechniek voor kieming van wilde amandelzaden te weten te komen. 
Stratificering (vochtige chilling) levert betere resultaten op in vergelijking met een 
hogere temperatuurbehandeling. Ook werd een hoog kiemingspercentage, 
zaailingenlengte en aantal stengels in wilde amandel (P. scoparia) verkregen na 
toediening van gibberellinezuur. 
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De drie onderzochte soorten lijken een verschillende reactie te hebben op 
droogtestress, wat op verschillende strategieën wijst om droogtestress te 
bestrijden. P. dulcis lijkt de meest droogtetolerante soort. P. scoparia probeert 
droogte te vermijden, terwijl P. lycioides een tussenliggend gedrag heeft. Naast P. 
dulcis, lijkt ook P. lycioides enigszins potentieel te hebben voor het gebruik als 
onderstam in de commerciële amandelproductie.  
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1.1. Introduction 
Iran is situated in South West Asia, bordering the Gulf of Oman, the Persian Gulf, 
and the Caspian Sea, between Iraq and Pakistan (Figure 1.1). It is lying between  
latitudes 25º 40' N and 39º 45' and longitudes 44º 15' and 62º 40' E. Iran is one of 
the world's most mountainous countries. Its mountains have helped to shape both 
the political and the economic history of the country for several centuries. The 
mountains enclose several broad basins, or plateaus, on which major agricultural 
and urban settlements are located. With an area of 1,648,195 km2, Iran ranks 
sixteenth in size among the countries of the world. Iran shares its northern borders 
with former Soviet Union republics Armenia, Azarbayejan, and Turkamenistan. 
These borders extend for more than 2,000 kilometers, including nearly 650 km of 
water along the southern shore of the Caspian Sea. Iran's western borders are with 
Turkey in the north and Iraq in the south, terminating at the Arvand Rud. The 
Persian Gulf and Gulf of Oman littorals form the entire 1,770 km southern border. 
To the east lie Afghanistan in the north and Pakistan in the south. Country 
population is around 68.5 millions which consist of different tribes including Pars 
(majority), Turk, Lur, Kurd, Baluch and Arab (Statistical Centre of Iran, 2005). 
1.2. Importance of Nuts 
Nut crops form a group of botanically unrelated crops. According to FAO (2002), 
they are an important group of dry fruits in the world (Figure 1.2). They are grouped 
together as nuts, not because the fruit types are botanically a nut, but generally 
because harvesting methods, processing, nutritional value and marketing 
characteristics are similar. Nut seeds have low value of vitamins C and A, but high 
values for minerals, vitamin B, proteins, and fat. Since nuts are basically the seeds 
of the plant, it is not surprising that they are packed with nutritional value (Rieger, 
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2001). 
 
Figure 1.1: Map of Iran (Statistical Centre of Iran, 2005) 
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Figure 1.2: Relative world production of major nut crops [almond (Prunus dulcisl), pistachio (Pistacia 
vera), hazelnut (Corylus avellana), walnut (Juglans regia), cashew (Anacardium occidentale) and 
chestnut (Castanea sativa)] (after FAO, 2002) 
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1.3. Importance of Almond (Prunus dulcis)  
Almond is one of the major and oldest tree nut crops in the world (Figure 1.3).  
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Figure 1.3: Nut fruits production in year 2002, in metric tons (MT) (× 103) (after FAO, 2002) 
 
Almond cultivation plays an important role in the agricultural economy of arid and 
semi-arid temperate zone countries such as Iran, which is the fifth production 
country of almond in the world (Figure 1.4). Almond belongs to genus Prunus, 
subgenus Amygdalus, family Rosaceae (Rieger, 2001; Mitra et al., 1994). Almond 
originated in the hot and dry climate of the Middle East, more specifically Iran, and 
was subsequently spread along the shores of the Mediterranean towards northern 
Africa and southern Europe by Egyptians, Greeks, and Romans (FAO, 2002; 
Rieger, 2001; Mitra et al., 1994). 
According to FAO (2002), annual world production of unshelled almonds is around 
1.8 million tons with a tendency to increase (Figure 1.5).  
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Figure 1.4: Unshelled almond world production in year 2002, in metric tons (MT) (× 103) (after FAO, 
2002) 
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Figure 1.5: Word production of almond over 1989-2002 period, in metric tons (MT) (× 103) (after 
FAO, 2002) 
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Almond kernel is a very high energy source: 100 g fresh weight results in 598 kcal. 
It contains proteins (19 g), fat (54 g), carbohydrates (21 g), water (5 g), minerals 
and vitamins (Mitra et al., 1994). Almond kernels are used in perfume and 
pharmaceuticals whereas a small amount is used for making pastries. Finally, by-
products of almond are also used in chemical industry as aromatherapy (Rieger, 
2001; Mitra et al., 1994). 
1.4. Characteristics of Genus Prunus and Subgenus 
Amygdalus 
Prunus is the botanical name for a large group of deciduous and evergreen trees 
and shrubs. These popular plants are greatly valued for their delicious, edible 
fruits, gorgeous spring blossoms and, for some species, for their colourful foliages. 
Some species are only grown for decoration, since not all produce edible fruits. 
Numerous cultivars varieties have been developed from the wild forms. Some were 
bred for maximum fruit production and better quality fruit while others were bred for 
larger and more abundant blossoms and thus their decorative value (Westwood, 
1978; Mitra et al., 1994). According to Westwood (1978) and Mitra et al. (1994), 
genus Prunus can be subdivided into three subgenera Amygdalus, Prunophora 
and Cerasus. Prunus persica and Prunus dulcis (syn.: Prunus amygdalus; Prunus 
communis) belong to the Amygdalus subgenera. Some varieties of Prunus dulcis 
are sweet, whereas a number of others such as Prunus amara have bitter taste 
due to high glucoside cyanogenic amygdalin content. In this subgenus Amygdalus, 
there are also many species of wild almond which have different botanical 
characteristics and a bitter taste. At present, more than 25 wild almond species 
(Prunus spp.) have been documented in the world especially from Iran (Mitra et al., 
1994; Rieger, 2001).  
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1.4.1. Characteristics of Prunus dulcis 
Prunus dulcis (Miller) D. Webb (as mentioned before, also classified as Prunus 
amygdalus, or Prunus communis) is a small deciduous tree belonging to subfamily 
Prunoideae of the Rosaceae family (Kester and Gradziel 1996). The tree is 
probably a native of South West and central Asia, but has been so extensively 
cultivated for so long over the warm temperate regions of the Old World that its 
exact centre of origin is obscure (Mitra et al., 1994). It is a tree of moderate size; 
the leaves are lanceolate, and serrated at the edges (Figure 1.6). It produces a 
profusion of single, pink flowers, measuring 2.5 to 5 cm across. It flowers in March 
and April in Iran. The fruit is a drupe, having a downy outer skin or exocarp and 
fleshy mesocarp which enclose the reticulated hard stony shell, or endocarp. The 
seed is the kernel which is contained within these coverings. There are bitter and 
sweet varieties of almonds. The edible kinds come in hard- and soft-shelled 
varieties. The bitter taste of kernels is due to high levels of amygdalin glucoside 
which hydrolizes to benzaldehyde and cyanide when exposed to the enzyme 
emulsin when consumed (Kester and Gradziel 1996). 
1.4.2. Characteristics of Prunus lycioides 
Prunus lycioides (Spach) C.K. Schneider (syn.: Amygdalus lycioides) is a native 
species of Iran (Sabeti, 1975; Etemadi and Asadi, 1999). It is a small deciduous 
shrub that grows to a height of 1 to 1.5 m. It produces tough and thorny branches. 
Leaves are ovate and come without or with a short petiole (Figure 1.7). The pink, 
fragrant and large flowers, in bloom from end of March to beginning of April are 
borne on axillary pedicels, either individually or in pairs. Fruits are drupes and are 1 
to 1.5 cm long and 0.5 cm wide. They are ripe and dehiscent at the end of July 
(Sabeti, 1975; Etemadi and Asadi, 1999). 
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Figure 1.6: Prunus dulcis tree (a) and its details: foliage (b); leaf (c); fruit (d) and kernel (e) 
(photograph by the author)  
 
Figure 1.7: Prunus lycioides shrub (a) and its details: foliage (b); leaf (c); fruit (d) and kernel (e) 
(photograph by the author) 
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Figure 1.8: An old Prunus scoparia tree in Kohshad-Sirjan forest, province of Kerman, Iran (after 
Mobayen, 1970) 
 
 
 
 
 
 
Figure 1.9: Prunus scoparia shrub (a) and its details: foliage (b); leaf (c); fruit (d) and kernel (e) 
(photograph by the author) 
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1.4.3. Characteristics of Prunus scoparia 
Prunus scoparia (Spach) C.K. Schneider (syn.: Amygdalus scoparia) is another 
species native of Iran (Sabeti, 1975; Etemadi and Asadi, 1999). It occurs in large 
areas in many parts of Iran. It is a deciduous large shrub that grows to a height of 2 
to 2.5 m; sometimes it can reach up to 6 m (Figure 1.8). It produces numerous 
long, straight, slender, smooth and green branches. Leaves are oblong-lanceolate, 
not very numerous on the stem and with short petioles (Figure 1.9). The white, 
fragrant and medium-sized flowers with brown-red sepals, in bloom from end of 
March to beginning of April (in Iran) are borne on axillary pedicels, either 
individually or in pairs. Fruits are drupes and are 1 to 1.5 cm long and 0.5 cm wide. 
They are ripe and dehiscent at the end of July (Sabeti, 1975; Etemadi and Asadi, 
1999). 
1.5. Distribution of Three Wild Almond in Iran 
According to Sabeti (1975), Prunus dulcis is indigenous to Iran. It is growing with 
other wild almonds species such as P. arabica and P. scoparia, and other species 
in alpine areas, foothills, lower altitudes and semi-arid areas. P. dulcis occurs in 
Azarbayejan, Kermanshah, Markazi, Yazd, Fars, Lorestan, Chaharmahal-Bakhtiari, 
Kerman, Khorasan and Sistan-Balochestan provinces (Figure 1.10).  
Prunus lycioides is growing with other wild almonds such as P. scoparia and P. 
elaeagnifolia, and other species in mountainous areas, foothills, and semi-arid 
areas. P. lycioides occurs in Tehran, Chaharmahal-Bakhtiari, Lorestan, 
Kermanshah, Kerman, Esfahan, Yazd and Esfahan provinces (Figure 1.10).  
Prunus scoparia is growing with other wild almond species such as P. lycioides, P. 
kotschyi and P. arabica, and other species in alpine areas, foothills, lower altitudes 
and semi-arid areas. P. scoparia occurs in Chaharmahal-Bakhtiari, Lorestan, 
Kermanshah, Kerman, Khorasan, Khozestan, Sistan-Balochestan, Fars, Esfahan, 
Chapter 1 
 
11
Yazd and Hormozgan provinces (Figure 1.11). 
 
Figure 1.10: Distribution of P. dulcis in Iran (after Sabeti, 1975) 
 
Figure 1.11: Distribution of P. lycioides in Iran (after Sabeti, 1975) 
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Figure 1.12: Distribution of P. scoparia in Iran (after Sabeti, 1975) 
1.6. Problems   
There are various climates in Iran and each climate is capable to fulfil the growing 
requirements for a specific set of crops. Arid and semi-arid climates are the most 
important in Iran as they cover about 70 percent of the country’s surface area. 
Water deficiency, salinity, and high lime concentration and thus pH in soils are the 
most common factors that limit quality and quantity of crop production in arid and 
semi-arid regions of Iran. These factors also have a determining role in the 
distribution and diversity of crop plants over different areas. Therefore, agricultural 
activities are concentrated in irrigated areas, which are situated along rivers and 
near cities. Triticum spp., Hordeum spp. and Medicago sativa are the most 
important crops that are produced in arid and semi-arid regions of Iran. These 
crops are planted in foothill areas characterised by the presence of fine alluvial soil. 
Gossypium spp., Crocus sativus, Beta vulgaris and Saccharum officinarum are 
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industrial crops that are grown in the arid and semi-arid regions of Iran. Pistacia 
vera and Prunus dulcis are the most important perennial fruit crops of these 
regions. They have an important role in the economy of the country (Abrishami, 
1995). Prunus scoparia and P. lycioides are native wild species of Iran (Sabeti, 
1975). They occupy large areas in many parts of Iran and are appreciated for 
several aspects: (1) they have economic importance for perfume, pharmaceuticals 
and chemical industry; (2) they are a natural forest resource for conservation; and 
(3) soil stabilization for soil erosion control. These wild species-together with a 
number of other wild almonds-can be used as rootstock for domesticated almond 
cultivation because they are resistant to drought, cold temperatures and high soil 
pH.  
1.7. Research Objectives 
To our knowledge no work has been done on seed dormancy and germination of 
wild almond (Prunus scoparia). Since wild almond is recently used as a rootstock 
for almond (Prunus dulcis) production and grown for other purposes such as 
pharmaceuticals, chemical industry, conservation of natural resources and soil 
stabilization for soil erosion control (Sabeti, 1975; Abrishami, 1995; Rouhi et al. 
2007), optimising its germination process is very important. Trees for fruit 
production and many ornamentals are propagated by budding or grafting, but seed 
production is necessary to grow the rootstocks and in breeding programmes. The 
most important rootstock species and their scion combinations include Prunus 
dulcis rootstock for almonds. 
Seeds have mechanisms to ensure germination only under favourable 
environmental conditions. The primary factors are water availability and season 
temperature. All seeds must imbibe water to germinate. Some also contain growth 
inhibitors that must be leached out of the seed. Some have impervious seed coats 
and an endocarp that must be fractured by freezing or passage through the 
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digestive tract of an animal. Yet others have light or photoperiod requirements. All 
these mechanisms ensure that the seeds germinate in the correct season and 
when moisture is available.  
Furthermore, successful seed germination depends on numerous internal and 
external factors. There are several methods to free seeds from dormancy and 
initiate early growth, such as stratification, scarification, growth regulators etc. 
Gibberellic acid and moist chilling have been used for promoting germination of 
many kinds of seeds belonging to peach, plum, apricot, cherry, apple, grape and 
pistachio. Moreover, gibberellic acid can largely replace cold and light 
requirements, and scarification needed by some seeds for germination. 
The exogenous application of growth regulators such as auxin, gibberellins, 
cytokinins and chemicals such as potassium nitrate or thiourea have been found to 
improve the seed germination in fruit crops like peach, plum, apple and grapes. 
Prunus seeds have embryo dormancy and require a period of after-ripening in the 
presence of moisture and oxygen to overcome this dormancy. Because of their 
stony endocarps, Prunus seeds are often thought to have endocarp dormancy. The 
endocarp may offer some resistance to germination, but it is permeable to water 
and Prunus is not truly hard-seeded.  
Additionally, the effect of drought stress on photosynthesis, leaf water status, 
growth parameters, and thus indirectly productivity in P. lycioides and P. scoparia 
has not been described yet. Apart from P. dulcis, P. lycioides and P. scoparia are 
also used as rootstock in Iran, but only P. dulcis is actually used as rootstock for 
commercial almond production. 
There are various climates in Iran and each climate is capable of fulfilling the 
requirements of specific crops. The arid and semi-arid climate is the most 
important climate in Iran as it covers some 70 percent of the country’s area. Water 
deficiency and salinity are the most common factors that limit quality and quantity 
of crop production in the arid and semi-arid region of Iran. Drought stress exhibits 
its limiting effects on plant growth through affecting the photosynthetic apparatus, 
photosynthetic gas exchange and metabolic modification such as an increase in 
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abscisic acid and proline concentrations. The three mentioned species occupy 
different area in Iran.  
Tree reliance on seedling rootstocks has improved almond tree growth and nut 
production. Therefore, researcher and grower have been concentrated on selecting 
suitable rootstocks for domestic almond trees. The selection of the best rootstock, 
based on ecophysiological drought stress characteristics and growth parameters 
are of the utmost importance to optimise production in dry environments.  
Field studies of drought effects are difficult to perform, time consuming and usually 
imprecise. The accurate control of soil water potential is also difficult in the field. To 
overcome these problems, polyethylene glycol has been used to maintain rooting 
media at predetermined water potential values. Therefore, our study aimed at:  
1. To investigate (i) effects of scarification, stratification and different temperature 
regimes on seed germination growth and biomass production of Prunus scoparia 
seedlings and (ii) the effects of gibberellic acid in combination with different 
temperature regimes on (breaking) dormancy of wild almond seeds. 
2. To compare photosynthetic gas exchange patterns, leaf water status and growth 
parameter of both these wild almond species (P. lycioides and P. scoparia), 
together with the commonly studied P. dulcis (bitter almond), during drought stress 
build-up and a subsequent recovery period, for estimation of their growth and 
production potential as rootstock material.  
1.8. Outline of Thesis 
Activities and results related to our objectives are spelt out here in 8 chapters. The 
first chapter covers the general review of almond. It focuses on important, 
characteristics and distribution of three almond species, and presents the research 
problem. Chapter 2 deals with literature of seed germination and dormancy, 
drought stress and plant response to drought. Chapter 3 focuses on effects of 
scarification and stratification on seed germination, endocarp opening, mean 
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germination time, radicle length of P. scoparia at different cold treatments and 
durations in laboratory. In chapter 4 effects of scarification and stratification on 
seedling growth parameters such as leaf, stem, root and total dry weight at 
different cold treatments and durations in greenhouse are evaluated. The latter two 
chapters describe how scarification and stratification relate to different temperature 
and duration effect and contribute to seed germination and seedling growth 
parameters. As indicated in part of our objective our chapter 5 deals with effects of 
gibberellic acid and different temperatures on seed germination, seedling root and 
shoot length as well as number of stems per seedling taken per different days from 
date of planting in the greenhouse. This chapter describes how gibberellic acid and 
different temperatures effect and contribute on seed germination and seedling 
growth. Chapter 6 that is related two second objective describes the effect of 
drought stress on photosynthetic gas exchange patterns in three almond species 
(P. dulcis, P. lycioides and P. scoparia) during drought stress and subsequent 
recovery week. This chapter evaluates mechanism of drought stress on three 
almond species and how this tree species overcome to drought stress. As we know 
not only drought period are important in plants but also water recovery by plant 
after drought stress is very important. Therefore, in this chapter investigates 
mechanism of drought stress on three almond species during drought stress and 
subsequently recovery weeks. Chapter 7 investigated leaf water status, stomatal 
characteristics and pigments concentration on three mentioned almond species 
during stress and recovery weeks. Finally in chapter 8 we investigated all growth 
parameters related to three species at the end of drought stress and recovery 
weeks.  
 
 2.Chapter 2  
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2.1. Seed Germination 
Germination, in general, starts with uptake of water by the seed and ends with the 
(start of) elongation of the embryonic axis. It includes numerous events such as 
respiration, cell elongation, protein hydration and sub-cellular structural changes 
(Bewley et al., 1994; Bewley, 1997). Successful seed germination depends on 
numerous factors both internal and external. Internal factors are linked to those 
present in the seed structure (pericarp, seed coat and embryo) whereas external 
factors include those pertaining to the seed's environment. According to Bewley et 
al. (1994), environmental factors can be classified in two groups: (1) chemical and 
(2) physical factors.  
In many cases, even when all conditions for germination are optimal, seeds still fail 
to germinate. Seeds that are in this situation are called dormant. This dormancy 
has to be broken before seeds can germinate.  
2.1.1. Seed Dormancy  
The seed is an important stage in any higher plant life’s cycle with respect to its 
survival as a species. It is one of the dispersal units of the plant, which is able to 
survive the period between seed maturation and the establishment of the next 
generation as a seedling after it has germinated. For this survival, the seed, mainly 
in a dry state, is well equipped to sustain extended periods of unfavourable 
conditions. To optimize germination over time, the seed enters a dormant state. 
Dormancy also prevents pre-harvest germination. Numerous studies have been 
performed to better understand how germination is controlled by various 
environmental factors. However, still very little is known about the process by 
which the embryo emerges from the seed to complete germination and how 
embryo emergence is blocked in dormant seeds (Nikolaeva, 1969, 1977; Bewley, 
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1997; Baskin et al. 2002, Baskin and Baskin, 2004). 
Seed dormancy has been defined as the failure of an intact, viable seed to 
complete germination under favourable conditions (Bewley, 1997). Several 
schemes for classifying seed dormancy have been presented. Baskin and Baskin 
(2004) divided seed dormancy as explained in the following paragraphs. 
2.1.1.1. Physiological Dormancy 
Physiological dormancy of seeds is due to decreased activity of the embryo, which, 
together with the restriction to gas exchange imposed by the seed covers, 
produces a double mechanism of inhibition (Nikolaeva, 1977; Hartmann et al. 2001; 
Baskin and Baskin, 1998, and 2004). Among physiological types of dormancy one 
can also distinguish the type of dormancy which can be broken by the action of low 
temperatures together with those cases of delayed germination, which can be 
overcome by dry storage and which are related to the phenomenon of light sensitivity. 
Physiological dormancy is divided into three types: non-deep, intermediate and deep 
physiological dormancy. 
Non-deep dormancy is typical of freshly collected seeds in the majority of species 
from temperate zones. In particular, it can be observed in various cultivated (wheat 
(Triticum spp.), barley (Hordeum vulgare), sunflower (Helianthus annuus), lettuce 
(Lactuca sativa)), ruderal (henbane (Hyoscyamus niger), cocklebur (Xanthium 
strumarium), mullein (Verbascum spp.), etc.) and many other, mostly herbaceous, 
plant species. These seeds display a temporal absence of germination and a more 
or less reduced germinative capacity. In many cases, only a narrowing or shift in the 
range of temperatures or illumination conditions would restore germination. With 
removal or even disturbance of seed covers, non-deep dormant seeds would 
germinate and give rise to normal seedlings. Nonetheless, the fact that embryos are 
unable to overcome the retarding action of the covers testifies to their reduced 
activity. Non-deep dormancy, as a rule, gradually disappears in the course of after-
ripening during dry storage of seeds, by short periods of moist pre-chilling, or by 
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applications of various growth stimulators. 
The situation is considerably more complicated in the case of germination of 
intermediate or deep dormant seeds. Intermediate type of physiological dormancy 
is observed in seeds that are rather diverse in terms of their biological properties 
(Acer negundo, Fraxinus pennsylvanica, Amarantus spp., and several others). 
Embryos isolated from such seeds usually show normal growth, thereby differing from 
embryos of seeds in deep dormancy. With a deviation from favourable conditions, 
embryos, especially those of freshly collected seeds, sometimes display abnormalities 
in growth. On the other hand, seeds displaying intermediate dormancy, require a 
sufficiently prolonged (1 to 3 months) cold stratification. Dry storage, to a certain 
degree, weakens dormancy, whereas treatment with gibberellic acid (GA3) may, under 
defined conditions, stimulate germination. 
Deep physiological dormancy is typical for embryos, which, although beginning to 
germinate, show a retarded and abnormal growth, whereas intact seeds acquire 
the ability to germinate only when exposed to a sufficiently prolonged cold 
stratification at 1 to 7 °C. This type of dormancy is typical for tree species 
(apple (Malus domestica), mountain ash (Sorbus spp.), quince (Cydonia 
oblonga), maple (Acer spp.), etc.) as well as of some herbaceous plants 
(Nikolaeva, 1977; Hartmann et al. 2001; Baskin and Baskin, 1998, and 2004). 
2.1.1.2. Morphological Dormancy 
Morphological dormancy or underdevelopment of the embryo is widely encountered 
in plants of many families (Grushvitsky, 1967): Arecaceae, Araliaceae, Magnoliaceae, 
Ranunculaceae, etc. (Nikolaeva, 1977). An embryo from this group is typically small 
(underdeveloped) and differentiated, i.e. cotyledon(s) and a hypocotyl radicale can be 
distinguished (Baskin and Baskin, 1998). Embryos in seeds with this type of 
dormancy are not physiological dormant and do not require a dormancy-breaking 
pre-treatment per se in order to germinate. Thus, they simply need time to grow to 
full size and then germinate (radicle protrusion) (Baskin and Baskin, 2004). This 
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process takes place in the seeds following their separation from the parent plant, 
usually under conditions of warm stratification and takes from several days to 3 to 4 
months. Seeds exhibiting morphological dormancy are more frequently encountered 
in tropical plants. They, however, occur also in plants of temperate zones, for 
example, in certain Aconitum species (Nikolaeva, 1977; Baskin and Baskin, 1998). 
2.1.1.3. Morphophysiological Dormancy 
In the majority of cases, the underdevelopment of the embryo is associated with the 
presence of the physiological inhibition mechanism, this giving rise to 
morphophysiological dormancy types (Nikolaeva, 1977). Thus, in order to germinate, 
they require a dormancy-breaking pre-treatment. In this group, embryo growth and 
radicle emergence require a considerably longer period of time than in seeds with 
morphological dormancy (Baskin and Baskin, 2004). 
2.1.1.4. Physical Dormancy 
Physical dormancy or hardseededness is widely distributed in nature. This 
phenomenon is typical of many species of a number of families (Fabaceae, 
Malvaceae, Chenopodiaceae, Liliaceae, etc.) (Nikolaeva, 1977). This dormancy is 
caused by one or more water-impermeable layers of palisade cells in the seed or fruit 
coat. No difference could be observed, however, in the structure of imbibed and non-
imbibed hard seeds without water absorption (Nikolaeva, 1977, Baskin et al., 2002). 
Impermeability to water is conceivably related to changes occurring in the fine 
structure of the hilum (Poptsov, 1976). Percentage of hard seeds shows considerable 
variability depending on the species, degree of maturity, ripening conditions and 
storage time (Nikolaeva, 1977). Seed dormancy breaking under both natural and 
artificial (except mechanical scarification) conditions has been assumed to involve the 
formation of an opening in a specialized anatomical structure on the seed (or fruit) 
coat, through which water moves to the embryo (Baskin et al., 2002). Morrison et al. 
(1998) have presented evidence that, in some taxa of Fabaceae, dormancy break by 
Literature review 
 
22
heating may occur through the disruption of the seed coat in (a) region(s) other than 
the strophiole (lens). 
Low air humidity during ripening results in a considerable increase in hardseededness. 
For instance, the percentage of hard seeds in Cassia from Middle Asia with low 
humidity varied from 10 to 30%, whereas those from Batumi (Turkey) with more 
humidity contained 2 to 3%. In Gleditsia, Robinia and some other plants the number of 
hard seeds ranged from 80 to 100% depend on humidity (Nikolaeva, 1977; Baskin et 
al., 1998; Baskin and Baskin, 2004). 
Under natural conditions, hardseededness is lost on exposure to thermal, biological 
and other influences. This process may, however, take many years to reach 
completion. To obtain a rapid and uniform imbibition, seeds are than subjected to 
various chemical and physical treatments. One of the most effective methods to 
promote germination consists of a temperature treatment which includes heating, 
chilling, drastic temperature shifts, or brief immersion of seeds in boiling water. 
Germinating seeds at elevated or variable temperatures can also facilitate imbibitions 
in various hard-seeded legumes (Nikolaeva, 1977). Frequently, treatment of seeds 
with concentrated sulphuric acid, grinding with abrasives or sand (scarification), or 
shaking (impaction) are used. Duration of the treatment is chosen experimentally. 
Thus, immersion in sulphuric acid may last from 15 min to 24 h (Nikolaeva, 1977; 
Baskin et al., 1998; Baskin and Baskin, 2004). 
2.1.1.5. Combinational Dormancy 
In seeds with combinational dormancy, the seed (or fruit) coat is physically water-
impermeable, whereas in addition, the embryo is physiologically dormant. Embryos of 
freshly matured seeds of some winter annuals, e.g. Geranium (Geraniaceae) and 
Trifolium (Fabaceae), have some conditional dormancy and will come out of dormancy 
(after ripening) in dry storage or in the field within a few weeks after maturity, even 
while the seed coat remains impermeable to water. In other genera, such as Cercis 
(Fabaceae) and Ceanothus (Rhamnaceae) the embryo is more deeply dormant and 
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thus requires a few weeks of cold stratification before seeds sowing (Baskin et al., 
1998; Baskin and Baskin, 2004). 
2.1.2. Breaking Dormancy 
Successful seed germination depends on numerous internal and external factors. 
There are several methods to break seed dormancy and initiate early growth. 
These include cold and warm stratification, scarification, growth regulator 
application, etc. (Bewley et al., 1994). 
2.1.2.1. Cold Stratification (Moist Chilling)  
Stratification is the process of pre-treating seeds to simulate natural conditions that 
a seed must endure before germination. In nature, moist chilling occurs in wet soils 
combined with winter coldness. Removal of the stony endocarp or pericarp of fruits 
such as Prunus spp. often reduces the number of days of chilling needed for 
germination to occur in stone fruit (Westwood, 1978; Grisez et al., 1974). Also, 
removal of seed coats in pome fruit such as Malus spp. and Pyrus spp. results in 
complete germination without chilling. However, seedlings obtained in this way are 
often stunted and their epicotyls will not grow until they are chilled (at 1-7 °C for 30-
120 days) or treated with GA (Westwood, 1978). Many other tree species may 
need cold stratification for a rapid and uniform germination. Pseudotsuga menziesii 
and Pinus spp. belong to this group (Department of Forest Resources, 2001). 
Seeds of temperate fruit crops such as peach, plum, apple, pear and apricot 
require a definite period of stratification (cold, moist chilling) for uniform 
germination (Passeckar, 1955; Hartmann and Kester, 1968). Prunus seeds have 
embryo dormancy and require a period of after-ripening in the presence of 
moisture and oxygen to overcome it (Hartmann and Kester 1959; Westwood, 
1993). Because of their stony endocarps, Prunus seeds are often thought to have 
only endocarp dormancy. However, even though the endocarp may offer some 
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resistance to germination, it is permeable to water and Prunus is not truly hard-
seeded (Hartmann and Kester, 1959; Heit 1967a). 
2.1.2.2. Scarification 
Scarification is known as any process of breaking, scratching, or mechanically 
altering the seed coat or endocarp to make it permeable to water and gases. In the 
wild, scarification is done by natural factors. Scarification can be by wind, cold and 
soil particles, damage to the seed coat by rolling along the soil surface, by passing 
through the digestive system of animals and washing by water. For example, many 
tree species in North America, such as Dalea spinosa and Parkinsonia aculeata 
are restricted to the bottom of wadis so that the seed can not germinate. These 
trees have hard-seeded coats. During floods after a heavy rain, seeds are washed 
with sand and gravel and their coats are scarified accordingly (Gutterman, 1993). 
Mechanical scarification is simple and effective with seeds of many species if 
suitable equipment is available. Chipping hard seed coats or endocarp by rubbing 
with sandpaper, cutting with a file, or cracking with a hammer are simple methods 
that can be used for small amounts of relatively large seeds. For large-scale 
mechanical operations, special scarifiers are used. Seed coats or endocarp 
generally should be affected but not so deeply pitted or cracked as to expose the 
inner parts of the seed (Figure 2.1) (Hartmann et al., 1997).   
Removal of endocarp by hand has been shown to hasten or increase germination 
in almond (Prunus dulcis) (Gaudio and Pedone, 1963), American plum (Prunus 
americana) (Giersbach and Crocker, 1932), mazzard cherry (Prunus avium) 
(Zielinski, 1958), sour cherry (Prunus cerasus) (Havis and Gilkeson, 1949), peach 
(Prunus persica) (Crocker, 1931) and sloe (Prunus spinosa) (Shumilina, 1949). 
Nasir et al. (2001) evaluated the effect of various methods to scarify almond nuts, 
i.e. boiling in water for 10 minutes, dipping in concentrated sulfuric acid for 15 
minutes, shell breaking with file, and shell breaking with hammer. Maximum germination 
percentage (42.0 %), maximum one-month-old seedling height (8.30 cm), and minimum 
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number of days to germinate occurred in almond seeds sown after they were boiled 
for 10 minutes. Similar results were noted in the following year. However, in a later 
experiment, almond nuts boiled in water for 10 minutes and shell breaking with file or 
with gentle hammering gave the highest germination percentages, which did not 
significantly differ from each other, with mean germination percentage of 42.33, 40.00 and 
41.67, respectively (Nasir et al., 2001). Based on overall performance, it was 
recommended that almond nuts should be boiled for 10 minutes before sowing to obtain 
maximum results (Nasir et al., 2001).  
 
 
Figure 2.1: Prunus avium seed germination after endocarp opening 
 
In acid scarification, seeds are scarified with concentrated H2SO4 in order to 
dissolve the exocarp, mesocarp and endocarp. Digestion may be rapid or may take 
more than one hour, depending on the kind of seed. HNO3 is another chemical 
agent that can be used for chemical scarification (Hartmann et al., 1997).        
2.1.2.3. Chemical Agents 
Growth regulators, such as gibberellins (usually GA3, GA4, GA7 or GA3+GA7), 
cytokinin (usually kinetin or benzyladenin), and ethylene have the potential to 
remove seed dormancy (Hartmann et al., 1997; Westwood, 1978; Grisez et al., 
1974). 
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Effects of Gibberellic Acid and Temperature on Breaking Dormancy 
Prunus seeds display embryo dormancy and require a period of after-ripening in 
the presence of moisture and oxygen to overcome it. Because of the stony 
endocarp, Prunus has often been thought to have endocarp dormancy (Grisez et 
al., 1974). The endocarp may offer some resistance to germination, but it is 
permeable to water whereas Prunus is not truly hard-seeded. Several mechanical 
and chemical methods have been used in attempts to crack, remove, or soften the 
endocarp (Bewley et al., 1994; Baskin and Baskin, 1998; Hartmann et al., 2001). 
These include freezing, mechanical scarification, using boiling water, sulphuric 
acid, citric acid, and hydrogen peroxide (Grisez et al., 1974; Bewley, 1997). In most 
cases, it was impossible to show any influence on germination, and in many cases 
treatments were even detrimental. Endocarp removal by hand hastened or 
increased germination in Prunus dulcis, P. avium, P. cerasus, P. persica, P. 
armenica and P. spinosa (Passeckar, 1955; Hartmann and Kester, 1968; Grisez et 
al., 1974). Gibberellin treatments apparently can substitute for at least part of the 
stratification treatment in P. persica, P. avium and P. armeniaca but it seems to be 
effective only when the endocarp has been removed (Fox and Tellechea, 1950; 
Grisez et al., 1974; Nadjafi et al., 2006). Gough (1999) reported seeds of some 
Rosaceae family genera, including Malus, Pyrus and Prunus and other genera (in 
the same family) need scarification and stratification. He concluded that in order to 
make seeds germinate, the majority of this family needs cold conditions (0-13°C) 
for a long time (30-120 days). Hamada et al. (1988) observed wet and cold 
conditions were best for accelerating early germination in Prunus lannesiana. Dry 
storage in combination with frozen storage conditions, however, were not good for 
germination. According to Dahab (1975) and Ozguven et al. (1994), growth 
regulators such as GA3 increase germination rates of several Pistacia spp. Kuru 
and Aksu (1994) reported in Pistacia vera, P. khinjuk and P. atlantica more than 
95% germination after removing green nut hulls and soaking in 100 ppm GA3 
solution for 7 days before sowing. According to Sheibani (1987) and Ak et al. 
(1995), the highest germination rates (73.3%) were obtained with 125 ppm GA3 
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and 48 hr soaking in water. Afolayan et al. (1997) observed in Helichrysum 
aureonitens Sch. Bip. (Asteraceae) that germination was positively improved by 
treatment with gibberellic acid (GA3). Molina and Trujillo (1999) reported 
germination in Pistacia species (Pistacia vera 'Mateur', P. atlantica, P. terebinthus 
and P. lentiscus) was positively affected by scarification of the ston with hot water 
and sulphuric acid.  
Cytokinins and ethylene also promote the breaking dormancy. The germination of 
deep dormant seeds could be attained by a two day treatment of the seed by 
kinetin (Nikolaeva et al., 1973). According to Chaparro et al. (1988), highest 
germination was obtained by a 24 hr exposure to 50-100 mg/l of BA in peach. 
Ethylene stimulates the germination of seeds in some plant such as Arachis 
hypogaes (Khan, 1982; Toole et al., 1964).  
2.2. Drought Stress  
Drought is a meteorological and environmental event, defined somewhat 
loosely as absence of rainfall for a period of time long enough to cause 
depletion of soil moisture and damage to plants (Turner, 1979 cited by Levitt, 
1980). Since lack of rain must lead to drought stress, the term drought stress 
is defined as a stress due to lack of rain. Levitt (1980) mentioned that when 
the plant is subjected to an artifical loss of water, this is commonly called 
desiccation. A similar definition has been brought up by Van Damme (1990), 
who mentioned drought stress is a water deficit stress caused by a rain 
deficit that makes it a more meteorological term.  
2.2.1. Mechanisms of Drought Stress  
Some plants have developed mechanisms to cope with water deficit by either 
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completing active growth during the period that water is not a limiting factor, or 
employing a range of responses to counter its effects (Turner, 1986). Drought 
resistant plants have the ability to survive, grow and thrive in conditions where 
water is scarce. According to Levitt (1972), drought resistant plants can be divided 
in two main and some subgroups. The following scheme shows these mechanisms 
(Figure 2.2): 
 
 
 
 
Drought resistance 
 
      Drought stress avoidance                                  Drought stress tolerance 
    
Water savers      Water spenders       Dehydration avoiding   Dehydration tolerating 
 
Figure 2.2: The nature of xerophytism (after Van Damme, 1990, 1991a, b, c) 
According to Wilson and Ludlow (1983), the general decline in overall metabolic 
activity during drought stress can be expected to result in a decline in specific 
maintenance respiration. For instance, in Sorghum bicolor, the whole plant 
maintenance respiration coefficient was reduced by drought stress. Warren and 
Brockelman (1989) mentioned the relationship between the rates of Na+ secretion 
from the leaves of alkali grass (Distichlis spp.) (Poaceae) growing in saline soil; 
rate of leaf respiration suggested that 3.8 mol of CO2 was released for each mol of 
Na+ secreted. It has also been reported that salinity increases the coefficient of 
plant maintenance respiration (RM) in Phaseolus vulgaris (Fabaceae), Xanthium 
strumarium (Asteraceae), Atriplex halimus (Chenopodiaceae) (Schwarz and Gale 
1981) and Medicago sativa (Fabaceae) (Shone and Gale, 1983). Salt and drought 
stress (separately and combined) induced a reduction in transpiration and stomatal 
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conductance in Pistacia vera and P. atlantica (Spiegel-Roy et al., 1977; Sepaskhah 
and Maftoun, 1981; Goldhamer et al., 1984; Behboudian et al. 1986). 
2.2.1.1. Drought Avoiders 
Drought avoiders are plants that have a high water potential when exposed to an 
external drought stress. For instance, desert shrubs such as Halimum halimifolium 
and Helichrysum angustifolium (Asteraceae) withstand severe drought conditions 
with minor changes in their water potential (Merino et al., 1976). According to Van 
Damme (1990), these plants usually have a high water use efficiency (WUE). They 
also try to maximize CO2 uptake so as to maximize growth so that they can build 
up enough material enabling them to set fruit before drought stress sets in 
(Mooney, 1980). In the classification of Salleo (1984), drought avoiding plants are 
divided in two subgroups (Figure 1): (1) water savers that save water through a 
special leaf morphology and/or anatomy. Water savers usually grow very slowly 
and only during the rainy season. The second sub-group (2) are water spenders 
that can take up a lot of water in a very short time through (1) a high root/shoot 
ratio; (2) specialized water uptake tissues; and (3) a high conducting/non-
conducting tissue ratio (Van Damme, 1990). 
2.2.1.2. Drought Tolerant Pants  
These plants have developed mechanisms to better tolerate dessication or to slow 
down the dessication process. According to Levitt’s classification (1980), these 
plants are divided in two groups (Figure 1). 
Dehydration Avoidance 
These plants display morphological modifications that reduce transpiration and 
increase water absorption through a thicker cuticula, curling or shedding of leaves, 
quick-reacting stomata and increased water uptake through a deep and well-
developed root system. They also show physiological adaptations that protect them 
through a lowering of water potential due to an increase in cell solute content 
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(osmotic adjustment). In callus culture, tobacco cells also develop dehydration 
avoidance (Klenovska, 1976). With these adaptations, plants can postpone the 
negative effects of prolonged drought periods and maintain relatively high leaf 
surface areas. 
Dehydration Tolerance 
Drought tolerance in plants is a complex trait and the mechanisms for expression 
and/or inheritance are not well understood. Dehydration tolerance largely depends 
upon the plant’s development stage and the period over which stress is applied 
(Kramer, 1980). For instance, Milthorpe (1950) showed that drought tolerance of 
wheat (Triticum aestivum) seedlings decreased with development stage. In 
agreement with these results, Talha and Osman (1975) showed that sunflower 
(Helianthus annuus) plants were more sensitive to soil drought stress during 
flowering than during ripening. Dehydration tolerant plants have a unique 
physiological basis at cellular level to overcome drought. For instance, plants can 
overcome drought stress through decreasing vacuole volume. Iljin (1980) stated 
that drought tolerant cells, in leafy meristems of higher plants, have very small 
vacuoles. Culter et al. (1977) reported that when cotton plants are grown with low 
moisture, their cells are smaller and they are more drought tolerant than plants 
grown in normal conditions. Some xerophyte plants have both mechanisms 
(dehydration avoidance and tolerance) to combat drought. For instance, Quercus 
ilex is very drought resistant because it has both avoidance and tolerance 
mechanisms (Larcher, 1960). 
2.2.2. Drought Resistance in Relation to Morphological 
Characteristics of Leaves 
Plants living in arid and semi-arid regions tend to have special morphological 
adaptations to reduce water losses. Plant leaves tend to develop xeromorphic 
characteristics when they grow under dry conditions, in order to retain water. Van 
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Damme (1991a, b, c) mentioned morphological adaptations at leaf level tend to 
reduce transpiration. The latter effect can be obtained through a lowering of the 
transpiring leaf area surface or by changes at stomatal level. 
2.2.3. Leaf Dimension and Coating 
Perennial plants in arid and semi-arid areas tend to have smaller leaves, an 
adaptation that enables them to conserve water. This phenomenon is called 
microphylly and is caused by a reduction in cell elongation, because cell division is 
less influenced by drought stress than cell elongation (Ludlow and Ng, 1974). 
Oppenheimer (1960) mentioned that some Mediterranean species like Anagyris 
foetida (Fabaceae) are normally leafless in dry summers and only bear leaves and 
flowers in the rainy season. Orshan et al. (1989) mentioned a vast number of plant 
species occurring in semi-arid and arid zones of the Mediterranean that showed 
leaf dimorphism (e.g. different leaves) which is an effective way of coping with 
drought. In many plants that are living in the latter type of climates, drought 
adaptation is achieved by a reduction of the transpiring body by means of leaf 
shedding. For instance, leaf shedding is a drought stress coping strategy in 
Zygophyllum dumosum (Sundberg, 1985). A number of drought resistance plants 
shed their leaves several times a year. Each time shedding is followed by regrowth 
of new leaves, which are often smaller and more xerophytic than those shed 
(Sundberg, 1985 cited by Van Damme, 1991 and Ranjbarfardooei et al., 2001). 
For many species such as Larrea divaricata, temperature optimum for 
photosynthesis will vary with the thermal environment in which plants are growing 
(Mooney et al., 1978). Smith (1978) found several perennial desert plants with very 
large leaves such as Encelia farinosa and Datura metaloides, which had 
temperatures 8 to 18 °C below ambient air temperature because they are less 
exposed to sunlight by orientation and overlapping of their leaves. Most species 
with small leaves like Larrea tridentata and Psorothamnus schottii usually have leaf 
temperatures that are very near prevailing air temperatures. 
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One of the characteristic features in drought adaptation is hair-covered leaves. 
Parker (1968) and Van Damme (1991) mentioned hairs are supposed to decrease 
transpiration by slowing down air movement and increase distance over which 
water vapour has to travel during transpiration. They also decrease wind speed 
near the transpiring surface, hereby increasing diffusion resistance for water 
vapour. Hairs also reflect radiation whereby rise in leaf temperature is somewhat 
lowered (Van Damme, 1991). In addition to the reduction of gas diffusion across 
the leaf-air interface, hairs have different functions e. g. reduction of light 
absorption during periods of high temperature and drought (Nobel, 1980 and Van 
Damme, 1991). 
Waxy cuticles and presence of epicuticular wax are effective means of preventing 
water loss from the foliage and confining water and gas exchange to stomatal 
apertures. Levitt (1980) suggests that in addition to external leaf cuticle due to a 
deposition of lipids in the mesophyll cell walls may slow down water loss from the 
leaf.   
 
2.2.4. Stomata 
Stomata occur on the epidermis of all plant organs, except roots, and most water 
loss from plants occurs through these structures. In dry conditions, stomata for 
mesophytic species are usually smaller and more numerous than for species 
growing in a humid environment (Kramer, 1969). There are different ideas about 
stomatal density in plants that are adapted to dry conditions. A number of authors 
mentioned that a low stomatal density is typical for these plants whereas others 
claimed that this parameter increases with drought (Van Damme, 1991). For 
instance, Al-Farrajii (1983) compared stomatal density for some xerophytic plants 
in greenhouse and desert field conditions. He mentioned the stomatal density of 
Acacia cyanophylla in greenhouse conditions was higher than in a desert 
environment (339 stomates/mm2 in greenhouse versus 311 stomates/mm2 in 
Chapter 2 33
desert conditions). He also stated Eucalyptus camaldulensis and Panicum 
antidotale had an average of 194 and 169 stomata per mm2, respectively. 
The distribution of stomata can be influenced by agro-climatic conditions (Cooper 
and Qualles, 1967). Stomatal density also varies with environmental factors during 
growth. Stomatal density increases significantly when plants are grown under high 
light intensities. Miskin and Rasmusson (1970) mentioned that in barley (Hordeum 
vulgare), increasing light intensity induced increase in stomatal density. Long term 
exposure to water deficits negatively influences guard cell size and stomatal 
density (Quarrie and Jones, 1977; Spence et al., 1986) (Figure 2.3). Stomatal 
density is variable, even within a single species or a single leaf (Ticha, 1982). 
Defensive mechanisms may influence stomatal number and stomatal distribution. 
For instance, species such as Mimosa cruenta (Fabaceae) and Ammophila 
arenaria (Poaceae) confine their stomata to certain areas of the leaf surface. 
According to Mauseth (1988), this may be associated with leaf movements or with 
leaf rolling in such a way as to reduce transpiration. Plants that are living in semi-
arid and arid regions use different strategies to combat drought at leaf level. In 
these plants, stomata are partly covered with outer epidermis or can even be 
cryptoporic (e.g. immersed stomata) such as in Nerium oleander (Figure 2.4). 
These adaptations increase the distance over which water vapour has to travel 
during transpiration. In some species, stomata lie in grooves that can be covered 
by scales and/or trichomes. According to Ehleringer (1980) and Van Damme 
(1991) trichomes also decrease wind speed near the transpiring surface. 
 
Literature review 
 
34
 
Figure 2.3: Stomatal density and venation on leaves of Phaseolus vulgaris grown with sufficient 
water (top) and with limiting soil moisture (bottom) (after Tumanov, 1927 cited in Larcher, 2003) 
 
 
 
Figure 2.4: Leaf structure of xerophytes (leaft) cross section of a scleromorphic leaf of Nerium 
oleander with thickened hypodemis and multilayered palisade parenchyma that protect stomata 
from wind (after Stocker, 1952 cited in Larcher, 2003) 
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2.2.5. Effects of Drought Stress on Photosynthesis 
Drought can seriously reduce net photosynthesis and productivity in crops. Plant 
physiological responses such as photosynthesis and transpiration depend on the 
rapidity, severity and duration of drought (Wong et al., 1985; Vadell and Medrano, 
1992; Weng, 1993; Cornic, 1994;  Ramanjulu et al., 1998; Lawlor, 2002; Lawlor 
and Cornic, 2002; Ramachandra Reddy et al. 2004). Higgins et al. (1992) reported 
that almond in comparison with apple, fig, olive, peach and Asian pear (Pyrus 
serotina) had the highest net photosynthetic rate at different light intensities. These 
authors also mentioned that for temperatures between 10 and 50 °C, dark 
respiration rate was highest for almond. Romero et al. (2004b) observed that 
during pre-harvest period, photosynthesis rate of drought-stressed almonds was 
lower than that of plants in unstressed control conditions, whereas during 
subsequent recovery their photosynthesis rate was the same as or even better 
than that of control plants. Ranjbarfardooei et al. (2000) reported net 
photosynthetic rates and stomatal conductance decreased with increasing drought 
stress in Pistacia khinjuk and P. mutica. Filella et al. (1998) mentioned watered 
plants had higher photosynthetic rates and stomatal conductance than non-
watered plants in Phillyrea latifolia (Oleaceae), Pistacia lentiscus (Anacardiaceae) 
and Quercus ilex (Fagaceae). According to Pham et al. (1982) dehydration 
decreases photosynthetic activity and intensifies decarboxylation processes in 
Atriplex nummularia. Iturbe et al. (1998) stated that the application of a moderate 
water deficit (water potential of -1.3 MPa) to pea (Pisum sativum) leaves led to a 
75 % inhibition of photosynthesis. In some plants, drought decreases net 
photosynthesis through non-stomatal factors (such as changes in enzyme 
activities). For instance, Malik and Wright (1997) observed net photosynthesis in 
wheat decreased under drought. This was mainly caused by non-stomatal factors. 
Photosynthetic rates and stomatal conductance of Citrus unshiu. trees were 
significantly reduced with increasing dehydration (Yakushiji et al. 1998). Epron 
(1997) reported the same results in cedar (Cedrus atlantica and C. libani) whereas 
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Fernandez et al. (1997b) obtained the same for apple trees. Behboudian et al. 
(1986) mentioned that in Pistacia vera photosynthesis declines with decreasing 
(more negative) leaf water potential, but is maintained until a leaf water potential of 
-5 MPa is reached.        
2.2.6. Effects of Drought Stress on Chlorophyll Fluorescence 
The phenomenon of chlorophyll fluorescence induction has been documented for 
more than 50 years (Krause and Weis, 1991; Lichtenthaler, 1992; Schreiber and 
Bilger, 1993; Ranjbarfardooei et al., 2002). Nowadays, this process is used as a 
tool for studying many aspects of plant physiology related to photosynthesis 
(Ganago, 1997; Figueroa et al., 1997; Werner et al., 1999; Oliveira and Penuelas, 
2000). Drought stress decreases plant growth (depending on stress duration and 
type of plant) via decreasing net photosynthesis (Belkhodja et al., 1994; 
Angelopoulos et al., 1996; Nepomuceno et al., 1998). According to recent studies, 
changes in composition and function of photosynthetic apparatus of plants in 
response to salinity and drought could be evidenced by monitoring chlorophyll 
fluorescence (Belkhodja et al., 1994; Singh and Dubey, 1995; Angelopoulos et al., 
1996; Figueroa et al., 1997). Chlorophyll fluorescence has been revealed as a valid 
indicator of physiological status in the field (Figueroa et al., 1997; Werner et al., 
1999; Oliveira and Penuelas, 2000). Werner et al. (1999) reported chlorophyll 
fluorescence measurements revealed a reversible diurnal decrease of maximum 
photochemical stress efficiency of Fv/Fm, which became more accentuated during 
summer drought in Cistus spp, Quercus coccifera and Arbutus unedo. 
Ranjbarfardooei et al. (2002) reported chlorophyll fluorescence only significantly 
changed at the highest level of drought stress (-1.55 Mpa) in Pistacia khinjuk and 
P. mutica. Miyashita et al. (2004) observed chlorophyll fluorescence characteristics 
slightly decreased when water was withheld for 7 days in kidney beans (Phaseolus 
vulgaris L.). 
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2.2.7. Effects of Drought Stress on Chlorophyll Content 
The main pigment of photosynthesis is chlorophyll, which absorbs light in the blue 
and red regions of the visible spectrum. Amongst different types of chlorophyll, the 
most important is chlorophyll a. Chlorophyll b is an accessory pigment that also 
participates in photosynthesis. It differs from chlorophyll a only in one functional 
group. 
Ranjbarfardooei et al. (2002) reported exposure of two pistachio species (Pistacia 
khinjuk and P. mutica) to osmotic drought stress led to lower chlorophyll a and b 
contents. Zayed and Zeid (1998) concluded growth and chlorophyll content in 
mung bean (Vigna radiate) plants were significantly reduced under drought stress. 
In confirmation of these results, Masoni et al. (1997) mentioned drought stress 
reduced chlorophyll content of maize (Zea mays). Ashraf and Fadia (1991) 
reported imposition of drought treatments caused a reduction in total chlorophyll 
content in blackgram (Vigna mungo L.) cultivars (cv AARIM 46, Mash 59 and Mash 
89). The latter investigators also reported drought treatments caused an increment 
in total chlorophyll content in AARIM 45, AARIM 45, AARIM 50, Mash 48 and Mash 
654 (Vigna mungo cvs). Damatta et al. (1997) stated chlorophyll content did not 
change under drought stress in either of the two coffee species they studied 
(Coffea arabica and C. canephora). Manuela et al. (1998) stated that in response 
to soil drying, pigment contents increased in young leaves of Lupinus albus. They 
also mentioned pigment content in old leaves was either not affected or only 
slightly decreased with increasing soil drying. Behboudian et al. (1986) showed 
cholophyll concentration increased in young plants of Pistacia vera with increasing 
Cl
_ 
irrigation solution up to 225 mM.  
2.2.8. Drought Resistance in Relation to Plant-Water 
Relationships 
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2.2.8.1. Effect of Drought Stress on Water Potential 
Over large areas of the earth’s surface, lack of water is the major factor limiting 
plant productivity. There are several ways in which plants maintain their 
physiological activities in such areas. For instance, plants maintain their turgor by 
means of increasing cell ion concentration in response to drought stress. This 
phenomenon occurs in leaves, roots and reproductive organs (Turner and Jones, 
1980; Morgan, 1984). The other ways in which plants can protect physiological 
activities are: protective solutes, dessication tolerance enzymes, antioxidants, etc. 
There are many investigators who have discussed the effects of water deficits on 
processes such as photosynthesis, respiration, water status, and other 
physiological processes (i. e. Levitt (1980), Turner (1988), Kramer (1983), Blum 
(1988), Alscher and Cumming (1990)). 
Ranjbarfardooei et al. (2002) investigated the effect of osmotic stress induced by a 
combination of salt and polyethylene glycol 6000 on ecophysiological performance 
of Pistacia khinjuk and P. mutica. They reported leaf water potential, leaf osmotic 
potential, net photosynthetic rate, stomatal conductance and water use efficiency in 
both species decreased as osmotic potential of the nutrient solution decreased. 
Torrecillas et al. (1999) observed both predawn and midday leaf water potential, 
net photosynthesis and leaf conductance in stressed plants were lower than for 
untreated specimens in apricot (Prunus armeniaca). Torrecillas et al. (1996) 
mentioned predawn leaf water potential declined progressively due to a drought 
stress effect, reaching -0.80 MPa in P. dulcis 'Garrigues' and -0.98 MPa in P. 
communis cv Ramillete at the end of the stress period (28 days). They also 
reported the reduction in midday leaf conductance in plants under drought stress 
could be related to the reduction in midday leaf water potential. Uprely and Tomar 
(1993) reported drought stress brought about a significant reduction in relative 
water content (RWC) and leaf water potential in leaves of Brassica carinata 
(Brassicaceae). Drought stress reduced leaf water potential and stomatal 
conductance of mulberry (Morus alba) (Moraceae) cultivars (Ramanjulus et al., 
1998). Basu et al. (1998) mentioned a slight decrease in relative water content in 
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potato (Solanum tuberosum) plants was accompanied by a drastic decline in leaf 
water potential from -0.2 MPa to -1.0 MPa. The same result was reported by 
Fernandez et al. (1997b) in apple trees. Malinowski et al. (1997) stated that during 
a period of drought stress, stomatal conductance and leaf water potential 
decreased in all meadow festcu plants (Festuca pratensis) (Poaceae) studied. 
Yakushiji et al. (1998) reported that by increasing drought stress up to severe 
levels, both leaf water potential and leaf osmotic potential of fine roots and 
pericarps significantly decreased in Citrus unshiu Marc. plants. According to 
Girousse et al. (1996), decreasing leaf water potential from -0.4 to -2 MPa, caused 
a drastic increment in amino acid concentrations in alfalfa (Medicago sativa).  
2.2.8.2. Effect of Water Stress on Transpiration 
Approximately 99% of the water a plant absorbs from the soil is lost by 
transpiration from leaves and stems. A number of environmental factors influence 
transpiration rate. For instance, temperature, light, wind, relative humidity and 
stresses like drought stress can affect transpiration rate. 
Transpiration per unit leaf area in several crops has been shown to decrease in 
response to salinity and drought stress (Gale et al., 1967). For example with onion 
(Allium cepa), bean (Phaseolus vulgaris) and cotton (Gossypium hirsutum) (Winter, 
1977), with Atriplex halimus (Kaplan and Gale, 1972), with bell pepper (Caspicum 
annuum) (Janes, 1966), with Citrus reticulata and C. volkameriana (Lea-Cox and 
Syvertsen, 1993) and with Atriplex prostrata (Wang et al., 1997). Drought stress 
induced a reduction in evaporation and stomatal conductance in Pistacia vera and 
P. atlantica (Spiegel-Roy et al., 1977; Sepaskhah and Maftoun, 1981; Goldhamer 
et al., 1984; Behboudian et al., 1986). The effect of drought on respiration rate 
depends on extent of water loss. Up to a 30% loss, respiration gradually increases 
to a maximum rate, which is maintained up to a loss of 50-60% of the plant’s water. 
Any further water loss is accompanied by a progressive decrease in respiration 
rate (Smith et al., 1973). According to Wilson et al. (1983), the general decline in 
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overall metabolic activity during drought stress can be expected to result in a 
decline in specific maintenance respiration. For instance, in Sorghum bicolor, the 
whole plant maintenance coefficient was reduced by drought stress. 
2.2.9. Effect of Drought on Plant Growth  
Drought reduces growth and agricultural productivity more than any other factor 
(Greenway and Munns, 1980). Growth can basically be reduced in two ways: by 
reducing carbohydrate availability and by forcing cell turgor to drop to zero 
(Bradford and Hsiano, 1982). Burstrom (1975) mentioned decreased cell 
elongation is the most sensitive response of plants to drought stress, because cell 
elongation is related to cell turgor and cell turgor decreases with a decrease in cell 
water potential. Damptey and Aspinall (1976) reported growth and development of 
the female inflorescence in Zea mays was inhibited during a period of water deficit.  
2.2.9.1. Effect of Drought on Leaf Area and Leaf Expansion 
Leaves usually serve as solar collectors and energy converters. Leaf area has a 
direct bearing on the quantitative and qualitative characters of yield (Kumar et al., 
1982). Plant growth is the combined result of expansion of young cells produced by 
meristematic divisions. Cell expansion can be inhibited by osmotic stress (Zidan et 
al., 1990). Reduction in leaf size is brought about by an inhibition of both cell 
division and enlargement. It has been documented that drought stress will reduce 
the rate of leaf elongation in crop species (Van Damme, 1991). Wien et al. (1979) 
mentioned leaf area development in soybean (Glycine max) and cowpea (Vigna 
unguiculata) was significantly reduced by moisture stress. According to Choudhri 
(1993), a relatively lower leaf area in plant populations that are living in saline 
environments may be regarded as an additional adaptation feature to reduce water 
loss. Van Loon (1981) found that yield reduction following drought stress was 
caused by reduced leaf area and/or reduced photosynthesis per unit leaf area in 
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potatoes (Solanum tuberosum). Manda (1995) mentioned increasing drought 
stress gave a drastic reduction in final leaf area of Sorghum bicolor leaves. This 
reduction was largely attributed to the effects of drought stress on leaf expansion 
through a reduction in the rates of cell division and cell expansion. Torrecillas et al. 
(1999) also mentioned total leaf area and succulence were significantly lower in 
stressed apricot (Prunus armenica) seedlings. Karakas et al. (1997) observed leaf 
expansion in tobacco was reduced by an increase in drought stress. The same 
result was obtained by Zwack et al. (1998) in Freeman maple cultivars (Acer 
rubrum x saccharinum). According to Sepaskhah and Mafton (1981), leaf area was 
markedly reduced in Pistacia vera cvs, with increasing drought stress and salinity 
levels.       
2.2.9.2. Effect of Drought on Stem Elongation 
In vascular plants, stems have three main functions. First, stems bear leaves and 
reproductive structures. The second function is conduction of water and dissolved 
minerals from roots to other plant parts and vice versa. The third is to produce new 
living tissue (Solomon et al., 1995). Wien et al. (1979) reported drought stress 
reduced main stem length in cowpea and soybean. Fernandez et al. (1997a) 
reported length of shoot in three apple rootstocks was consistently reduced due to 
drought stress. Sepaskhah and Maftoun (1981) reported that stem height in 
Pistacia vera cvs significantly decreased by a 7-day irrigation interval with a salinity 
level lower than 3.5 dS m-1.    
2.2.9.3. Effect of Drought on Dry Weight 
Plant growth may be evaluated by monitoring fresh or dry weight increment or 
extension growth (changes in length). The first and last may depend more directly 
on osmotic adaptation and on the maintenance of a positive water balance. 
Torrecillas et al. (1999) reported drought stress reduced shoot growth and affected 
total plant dry weight, as indicated by significant reduction in stem and leaf dry 
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weights in Prunus armeniaca. Burgess and Carr (1996) found drought stress 
severely reduced partitioning of dry matter to shoots and leaves in tea (Camellia 
sinensis). Ashraf and Fadia (1991) concluded increasing drought stress caused a 
significant reduction in fresh and dry weight of all blackgram cultivars (Vigna 
mungo) they studied. Fernandez et al. (1997a) showed drought stress significantly 
affected top and root dry weight of Medicago minima. 
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Abstract 
Seeds of most temperate fruit trees require to go through a definite cold period for 
optimal germination. A germination experiment was carried out on Prunus scoparia 
whereby ston were exposed to at 0-1, 4-5 and 9-10 °C, for 45, 60, 75 and 90 days, 
in combination with or without mechanical scarification. At 0-1 °C, germination 
percentage was zero for both scarified and non-scarified seeds at all four treatment 
durations. Temperature treatment of 9-10 °C yielded the best germination 
percentages for both non-scarified and scarified seeds for all durations compared 
to 0-1 and 4-5 °C. There was an overall trend of increasing germination with 
increasing cold duration from 45 to 90 days. At 9-10 °C, non-scarified seeds had a 
germination percentage of 76.7%, whereas germination was 26.7% for scarified 
seeds after 90 days. Endocarp opening percentage (83.3%), mean germination 
time (37.3 days) and radicle length (9.7 cm) showed the best results for non-
scarified seeds for 90 days at 9-10 °C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Key Words: wild almond, stratification, scarification, vernalization, seedling quality  
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3.1. Introduction 
The seed is an important stage in the plant’s life cycle. It is the dispersal unit, which 
enables plants to survive between seed maturation and establishment of the next 
generation. To maintain germination capacity over time, seeds often enter a 
dormant stage during development on the mother plant. Dormancy also prevents 
pre-harvest germination. Numerous studies have been performed to better 
understand how germination is controlled and how it can be improved by various 
environmental factors or through application of chemicals such as gibberellins. 
However, still very little is known about the processes by which the embryo 
emerges from the seed to start and complete germination (Bewley, 1997).   
Seeds have mechanisms that ensure germination will only start under favourable 
environmental conditions. The primary factors that initiate seed germination are 
water availability and season, the latter expressed through temperature and day 
length. All seeds must imbibe water to germinate. For some plant families, e. g. 
Malvaceae, Chenopodiaceae and Liliaceae, this is the only requirement 
(Nikolaeva, 1969; 1977). Seeds of other families contain growth inhibitors that must 
be leached before the seed can germinate such as the case for Fraxinus 
rhynchophylla (Oleaceae). Some seeds have an impermeable seed coat or 
endocarp that must be fractured by freezing or heating (fire), or passage through 
the digestive tract of an animal before the seed can take up water. All these 
mechanisms ensure that seeds germinate in the correct season and under optimal 
conditions (Nikolaeva, 1969; 1977; Baskin and Baskin, 2004; Baskin, et al., 2002).  
There are several methods to break seed dormancy and initiate early growth. 
These include cold and warm stratification (i. e. the process of pretreating seeds to 
simulate natural conditions that a seed must endure before germination), 
scarification (i. e. the process of disrupting a seed coat or endocarp to encourage 
germination), growth regulator application, etc. (Bewley et al., 1994; Baskin and 
Baskin, 1998; Hartmann et al., 2001). 
Most fruit trees and many ornamentals are propagated by budding or grafting, but 
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propagation through seed remains necessary to grow rootstock and for breeding 
and crop improvement programmes (Cochran et al., 1961; Rom and Carlson, 
1987; Mitra, et al., 1991; Hartmann et al., 2001). 
Seeds of numerous temperate fruit crops such as peach, plum, apple, pear and 
apricot require a definite period of stratification (moist chilling) for uniform 
germination (Passeckar, 1955; Hartmann and Kester, 1968). Exogenous 
application of growth regulators such as auxins, gibberellins and cytokinins, and 
chemicals such as potassium nitrate or thiourea, have been shown to improve 
seed germination in fruit crops like peach, plum, apple and grapes (Fox and 
Tellechea, 1950; Nadjafi et al., 2006). Prunus seeds have embryo dormancy and 
require a period of after-ripening in the presence of moisture and oxygen to 
overcome dormancy (Hartmann and Kester 1959; Westwood, 1993). Because of 
their stony endocarps, Prunus seeds are often thought to have endocarp 
dormancy. However, even though the endocarp may offer some resistance to 
germination, it is permeable to water and Prunus is not truly hard-seeded as has 
been documented in a number of other hard andocarp species (i. e. pistachio) that 
are not permeable to water (Hartmann and Kester 1959; Heit 1967a, b). 
Removal of endocarp by hand has been shown to hasten or increase germination 
in almond (Prunus dulcis) (Gaudio and Pedone, 1963), American plum (P. 
americana) (Giersbach and Crocker, 1932), mazzard cherry (P. avium) (Zielinski, 
1958), sour cherry (P. cerasus) (Havis and Gilkeson, 1949), peach (P. persica) 
(Crocker, 1931) and sloe (P. spinosa) (Shumilina, 1949) but shows no advantages 
for plum (Prunus domestica) (Grisez, 1974). Nasir et al. (2001) evaluated the effect 
of various methods to scarify almond nuts, like boiling in water for 10 minutes, 
dipping in concentrated sulfuric acid for 15 minutes, shell breaking with file, and shell 
breaking with hammer. Based on overall performance, Nasir et al. (2001) 
recommended that almond seeds should be boiled for 10 minutes before sowing to 
obtain maximum germination results. During their 1997 and 1998 experiments, best 
results were obtained when almond seeds were boiled for 10 minutes. However, in 
their 1999 experiment, besides seeds boiled in water for 10 minutes shell breaking 
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with file or with gentle hammering gave the highest germination percentages. Based on 
overall performance, Nasir et al. (2001) recommended that almond seeds should be 
boiled for 10 minutes before sowing to obtain maximum germination results.  
To our knowledge no work has been done on breaking seed dormancy of wild 
almond (Prunus scoparia). Since wild almond is used as a rootstock in almond 
production (Sabeti, 1975; Abrishami, 1995; Rouhi et al. 2007), optimising the 
germination process is very important. Therefore, the objective of this work was to 
study the effect of scarification and different cold stratification regimes in 
combination with different treatment durations on seed germination behaviour of 
Prunus scoparia. 
3.2. Material and Methods 
3.2.1. Seed Collection and Treatment  
Seeds were collected from Prunus scoparia (Spach) C.K. Schneider shrubs from 
natural stands near Shahrekord Natural Resources Institute in Chaharmahal-
Bakhtiari province, Iran, during August 2003. Seeds were collected from several 
trees to obtain the enough amounts of seeds for experiment. Uniformly-sized 
seeds were selected for testing and randomly divided over each experimental unit. 
For scarification treatment, seeds were mechanically scarified by a grindstone on 
January 7, 2004. All seeds, scarified and non-scarified, were soaked in tap water 
for five days at room temperature and washed several times with tap water to 
remove inhibitor materials released from seeds. Seeds were subsequently soaked 
in a fungicide (Orthocide 83) solution for 30 minutes and cleaned with tap water so 
that no fungicides remained. Ten seeds per treatment were placed on moist filter 
paper in Petri dishes (95 mm diameter) on January 12, 2004 and transferred for 
different cold durations to three dark refrigerators representing the three 
temperature treatments. Petri dishes were checked daily for moisture content and 
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tap water was added to the filter paper when necessary.    
3.2.2. Experimental Design 
This study was conducted at the Laboratory of Tropical and Subtropical Agriculture 
and Ethnobotany, Faculty of Bio-Engineering Sciences of Ghent University, 
Belgium in 2004. The experiment consisted of three factors: (i) temperature (T1: 0-1 
°C, T5: 4-5 °C and T10: 9-10 °C); (ii) duration (45(D45), 60(D60), 75(D75) and 90(D90) 
days) and (iii) absence or presence of scarification. Temperature and cold duration 
treatments were selected based on literature references (Fox and Tellechea, 1950; 
Passeckar, 1955; Hartmann and Kester, 1968; Bewley, 1997; Nasir et al. 2001; 
Nadjafi et al., 2006). The above-mentioned factors were combined. The experiment 
was set up as a factorial design with 24 treatments (3 temperatures x 4 durations x 
2 scarification/non scarification) and 3 replications.  
3.2.3. Measurements 
Observations and measurements started one week after seeds were placed in the 
respective refrigerators (T1, T5, T10). The following data were collected during 
germination: (i) number of dehiscent endocarp; seeds were considered dehiscent 
when endocarp had opened; (ii) number of germinated seeds; germination was 
considered to have occurred when the radicle exceeded 5 mm in length; and (iii) 
radicle length (only measured once at the end of each duration treatment, and prior 
to transplanting). 
Number of dehiscent and germinated seeds were counted every 7th day after the 
start of the experiment (day zero) till day 45, 60, 75 and 90 for each duration, 
respectively. Germination percentage (GP, in %), endocarp opening percentage 
(EOP, in %) and mean time to complete germination (MGT, in days) were 
calculated following Bewley and Black (1986) as: 
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100×=
N
nGP          (1), 
100' ×=
N
nEOP          (2) 
and 
( )
∑
∑ ×=
n
nt
MGT                      (3), 
where, t is time in days (since day zero), n and n’ are the number of germinated 
and opened seeds on day t respectively, and N is total number of seeds per 
replication, i. e. 10. Rapid germination corresponds to lower values of MGT. 
Radicle length was measured using a ruler (± 0.1 mm) from seed base to radicle 
tip at the end of each cold treatment duration. 
3.2.4. Statistical Analysis  
All data were statistically analyzed using a factorial design by SPSS (Version 11). 
Means were compared by a LSD test at the 5% level. 
3.3. Results  
In this study, no germination was observed for the lowest temperature treatment 
(T1), neither for scarified nor non-scarified seeds. Therefore, results of this 
treatment are not mentioned further. 
3.3.1. Endocarp Opening Percentage 
Endocarp opening Percentage (EOP) reveals significant differences between 
treatments at T10. At T10, EOP increased with increasing duration. Highest EOP 
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(83.3%) was observed after 90 days (Table 3.1). EOP values for scarified 
treatments at T10 were significantly different between D45 (zero) and D90 (33.3%) 
(Table 3.1). 
EOP percentage at T5 for non-scarified seeds did not reveal any significant 
differences between durations (Table 3.1), and was only 3.3% after 90 days of cold 
treatment (Table 3.1). For scarified seeds at T5 no significant differences for EOP 
were observed for the different durations, although, low (3.3%) and high (20.0%) 
EOP values were observed for D45 and D75, respectively. For all durations, 
significant differences between T5 and T10 for non-scarified and scarified seeds 
were observed except for T5D75 and T10D75 for scarified seeds (Table 3.1).  
Mean EOP percentage at T10 for all durations was significantly different between 
non-scarified and scarified seeds, whereas for T5 only for D90 a significant 
difference was observed (Table 3.2). Best EOP performance (83.3%) was 
observed for non-scarified seeds for T10D90, whereas at the same duration and 
temperature combination, EOP was only 33.3% for scarified seeds (Table 3.2). 
3.3.2. Germination Percentage 
Result obtained for germination percentages (GP) were comparable to those for 
EOP, but overall figures were lower than those for EOP (Table 3.1). Significant 
differences in GP were observed for different durations, scarification and 
temperature treatments.  
Significantly better results were observed for T10 compared to T5 especially in non-
scarified seeds, and for all durations (Table 3.1). For both T5 and T10, GP 
increased with increasing duration in both non-scarified and scarified seeds (Table 
3.1).  
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Table 3.1: Mean values of germination percentage, endocarp opening percentage, mean 
germination time and radicle length for P. scoparia. Each mean value is calculated from three 
replications. Different letters denote statistically significant differences at the 5% level. The first 
letter denotes statistically significant differences between durations for a certain temperature and 
scarification treatment. The second letter denotes statistical differences between temperature levels 
for a certain duration and scarification treatment. T1, T5 and T10 indicate the different temperature 
levels applied. D45, D60, D75 and D90 indicate the different cold durations applied 
 Non-scarification  Scarification 
Duration T1 T5 T10  T1 T5 T10 
Germination percentage (%) 
D45 0.0a,a 0.0a,a 40.0a,b  0.0a,a 0.0a,a 0.0a,a 
D65 0.0a,a 0.0a,a 60.0ab,b  0.0a,a 3.3a,a 10.0b,b 
D75 0.0a,a 0.0a,a 63.3b,b  0.0a,a 13.3b,b 13.3b,b 
D90 0.0a,a 3.3a,a 76.7b,b  0.0a,a 16.7b,b 26.7c,c 
 
Endocarp opening percentage (%) 
D45 0.0a,a 0.0a,a 46.7a,b  0.0a,a 3.3a,a 0.0a,a 
D65 0.0a,a 0.0a,a 66.7ab,b  0.0a,a 6.7a,a 20.0b,b 
D75 0.0a,a 0.0a,a 70.0b,b  0.0a,a 20.0a,ab 23.3bc,b 
D90 0.0a,a 3.3a,a 83.3b,b  0.0a,a 16.7a,b 33.3c,c 
 
Mean germination time (day) 
D45 0.0a,a 0.0a,a 9.6a,b  0.0a,a 0.0a,a 0.0a,a 
D65 0.0a,a 0.0a,a 15.3a,b  0.0a,a 1.1ab,a 2.7ab,a 
D75 0.0a,a 0.0a,a 22.9b,b  0.0a,a 4.9bc,b 5.4b,b 
D90 0.0a,a 0.0a,a 37.3c,b  0.0a,a 5.8c,ab 10.3c,b 
 
Radicle length (mm) 
D45 0.0a,a 0.0a,a 6.5a,b  0.0a,a 0.0a,a 0.0a,a 
D65 0.0a,a 0.0a,a 7.2a,b  0.0a,a 1.4a,a 3.3ab,a 
D75 0.0a,a 0.0a,a 8.9a,b  0.0a,a 2.8a,ab 4.1ab,b 
D90 0.0a,a 0.83a,a 9.7a,b  0.0a,a 2.8a,ab 6.7b,b 
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Table 3.2: Mean values of germination percentage, endocarp opening percentage, mean 
germination time and radicle length for P. scoparia. Each mean value is calculated from three 
replications; (*) indicates statistically significant difference at the 5% level between scarification 
levels for a certain temperature and cold duration level, (-) indicates no significant difference. T1, T5 
and T10 indicate the different temperature levels applied; D45, D60, D75 and D90 indicate the different 
cold durations applied; NS and S indicate non-scarified and scarified seeds, respectively; ANOVA 
means analysis of variation 
D45 D60 D75 D90 
 
T1 T5 T10 T1 T5 T10 T1 T5 T10 T1 T5 T10 
Germination percentage 
NS 0.0 0.0 40.0 0.0 0.0 60.0 0.0 0.0 63.3 0.0 3.3 76.7 
S 0.0 0.0 0.0 0.0 3.3 10.0 0.0 13.3 13.3 0.0 16.7 26.7 
ANOVA - - * - - * - * * - * * 
Endocarp opening percentage 
NS 0.0 0.0 46.7 0.0 0.0 66.7 0.0 0.0 70.0 0.0 3.3 83.3 
S 0.0 3.3 0.0 0.0 6.7 20.0 0.0 20.0 23.3 0.0 16.7 33.3 
ANOVA - - * - - * - - * - * * 
Mean germination time 
NS 0.0 0.0 9.6 0.0 0.0 15.3 0.0 0.0 22.9 0.0 0.0 37.3 
S 0.0 0.0 0.0 0.0 1.1 2.7 0.0 4.9 5.4 0.0 5.8 10.3 
ANOVA - - * - - * - * * - * * 
Radicle length 
NS 0.0 0.0 6.5 0.0 0.0 7.2 0.0 0.0 8.9 0.0 0.83 9.7 
S 0.0 0.0 0.0 0.0 1.4 3.3 0.0 2.8 4.1 0.0 2.8 6.7 
ANOVA - - * - - - - * * - - - 
 
GP at T5 for non-scarified seeds was not significantly different between durations. 
However, GP for scarified seeds at T5D45 (0.0%) and T5D60 (3.3%) was significantly 
different from T5D75 (13.3%) and T5D90 (16.7%) (Table 3.1). 
GP was significantly different for both non-scarified and scarified seeds, between 
T10D45 (40% and 0.0%, respectively) and T10D90 (76.7% and 26.7%, respectively) 
(Table 3.2). For all durations, GP was significantly different between T5 and T10 for 
both non-scarified and scarified treatments, except after 45 days for scarified 
seeds (Table 3.1). GP was significantly different for T5D75 and T5D90 between non-
scarified and scarified seeds. For all durations, GP was significantly different 
between non-scarified and scarified seeds at T10 (Table 3.2).    
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3.3.3. Mean Germination Time  
A significant difference was observed in the effect of cold treatment duration and 
scarification for mean germination time (MGT) at T5 and T10. For non-scarified and 
scarified treatments, increasing cold duration was accompanied by an increase in 
MGT (Table 3.1). MGT for both T5D90 and T10D90 in non-scarified (0 and 37.3 days, 
respectively) and scarified seeds (5.8 and 10.3 days, respectively) were 
significantly different (Table 3.1). MGT for T5D75 and T5D90 treatments showed 
significant differences between non-scarified and scarified seeds. For all durations, 
MGT was significantly different between non-scarified and scarified seeds at T10 
(Table 3.2). As can be seen from figure 3.1, MGT is positively related to 
germination percentage for scarified and non-scarified seeds. Also, a significant 
improvement in GP was achieved with increasing cold duration from D75 to D90 
(Table 3.1).  
3.3.4. Radicle Length  
Radicle length (RL) varied significantly between both non-scarified and scarified 
seeds for all durations for both T5 and T10. At T10 and for all durations, RL was 
consistently higher than at T5 for both non-scarified and scarified seeds (Table 3.1). 
Highest radicle length was found for both T5 and T10 after 90 days, measuring 0.83 
cm and 9.7 cm for non-scarified and 2.8 cm and 6.7 cm for scarified seeds, 
respectively (Table 3.1). Non-scarified seeds produced longer radicles at D90T10 
(9.7 cm) in comparison with scarified treatments (6.7 cm), whereas at D90T5 non-
scarified seeds had shorter radicles (0.83 cm) than scarified seeds (2.8 cm) (Table 
3.1). RL is positively related to germination percentage for scarified and non-
scarified seeds (Figure 3.2).  
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Figure 3.1: Relationship between germination percentage (GP) and mean germination time (MGT) 
for non-scarified and scarified seeds for all temperature treatments and durations. Each symbol 
represents a value as given in Tables 3.1 and 3.2 
 
 
Figure 3.2: Relationship between germination percentage (GP) and radicle length (RL) for non-
scarified and scarified seeds for all treatments. Each symbol represents a value as given in Tables 
3.1 and 3.2 
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3.4. Discussion 
Several mechanical and chemical methods have been used with numerous 
species such as peach, plum and pistachio in attempts to crack, remove, or soften 
the seeds endocarp and coat in order to break dormancy. These methods include 
freezing, mechanical scarification, and use of boiling water, sulphuric or citric acid, 
and hydrogen peroxide (Janick and Moore 1996). The effects of these methods are 
related to the seed and are thus species-specific. Some seeds with stony 
endocarps or pericarps germinate following cold stratification, e.g., Cornus spp. 
(after 90–120 days of cold stratification), Corylus (after 60–180 days), 
Menispermum (after 14–28 days), Morus (after 30–90 days), Nyssa (after 30–120 
days), and Oemleria (after 120 days) (Young and Young, 1992). Other seeds with 
stony endocarps, e.g., Halesia spp. (Young and Young, 1992), Rosa spp. 
(Densmore and Zasada, 1977), and Rubus spp. (Young and Young, 1992), require 
a period of warm stratification followed by a period of cold stratification before they 
germinate. The reason why some seeds with stony endocarps require a warm 
stratification treatment followed by a cold stratification treatment is not well 
understood.  
In our case, for P. scoparia, results for EOP and GP showed similar trends, 
although overall EOP figures were higher than those for GP as endocarp should 
open before germination can occur. EOP for both T5 and T10 started 3 weeks after 
the beginning of the test and continued until day 90 (results not shown), but still 
some of these seeds had not germinated at the end of the experiment. It seems 
that given enough time, EOP, and probably also germination would continue 
beyond the 90 days’ limit used in this experiment. EOP and GP were zero at T1 for 
both non-scarified and scarified seeds. This means that at this temperature, 
dormancy in almond seeds can neither be broken through scarification nor 
increasing cold duration up to 90 days. This shows that at this low temperature, not 
only P. scoparia seeds are unable to open, but they are also unable to germinate. 
Both EOP and GP percentages increase with increasing cold durations and 
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temperature, separate and/or in combination.  
In the present study, results for EOP and GP only at T10, differences between non-
scarification and scarification were significantly different for all cold durations 
(Tables 3.1 and 3.2). Liu et al. (2005) reported that the most effective method for 
breaking dormancy in Garcinia cowa (Clusiaceae) was to totally or partially remove 
the seed coat, which increased GP from zero to 100% (and to 96% after a 
pretreatment in distilled water and incubation at 30 °C). Mechanical removal of 
seed coat layers and pericarp in Echinacea angustifolia (Asteraceae) increased 
germination percentage from 6 to 20% (Chuanren et al., 2004). From our own 
results we should conclude that scarification using the method we used is not a 
suitable technique for improving GP of P. scoparia (Table 3.2). The mechanical 
scarification method used in our study had not been tested before for this species 
of wild almond. Lower germination percentages obtained through scarification here 
than those observed for non-scarified seeds, might indicate most embryos were 
damaged during scarification. Indeed, it was observed that non-germinated 
scarified seeds were black on the scarified site, indicating embryo damage.  
Koyuncu (2005) found that GP for Morus nigra (Moraceae) increased with 
increasing cold duration. Joshi and Dhar (2003) reported in one population of 
Heracleum candicans that GP significantly improved after 14 days of chilling at 4°C 
(88.9%) compared to 7 days chilling at 4 °C (68.9%). Rouhi et al. (2003) showed 
that germination percentage of P. scoparia was significantly higher at 7°C 
compared to 22 °C, because seeds exposed to low temperature (7 °C) probably 
had removed seed chilling requirement in comparison to the higher temperature 
treatment (22°C). Ross (1984) and Villiers (1972) observed that stratification 
treatments had no clear effects on seed germination in Prunus avium exposed to 
low temperatures. Comparing seed chilling at 5°C after 0, 6, 12, 18 and 24 days, 
maximum germination percentage (up to 70%) was achieved after 18 days in 
Echinacea angustifolia (Chuanren et al., 2004). Pendleton and Meyer (2004) 
observed a GP of 100% for Coleogyne ramosissima (Rosaceae) after 6 weeks 
chilling compared to 0,  2 and 4 weeks chilling treatment (GP of 20-90%). As also 
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mentioned in other studies, in our study, germination percentage of P. scoparia 
increased with increasing cold duration and temperature (between 0 and 10 °C) in 
both non-scarified and scarified seeds but better results were observed in non-
scarified seeds.  
MGT depends on species, temperature, cold duration and other treatments. As 
mentioned before, for Heracleum candicans, 14 days chilling at 4 °C yielded the 
best GP (88.9%) with MGT of 17.5 days (Joshi and Dhar, 2003). Upon reducing 
chilling duration to 7 days, these author found an improvement in germination 
percentage (68.9%) was accompanied by an increase in MGT. Germination 
response varied significantly between populations of Heracleum candicans (Joshi 
and Dhar, 2003). Imbibed seeds pre-chilled at 4°C for 20 days gave best GP 
(48.6%) in Myrica esculenta (Myricaceae) (Bhatt, et al., 2000). In our study, MGT is 
positively related to GP (Figure 3.1). The highest GP at T10D90 in both non-scarified 
and scarified seeds (76.7 and 26.7 %) is accompanied by the highest MGT (37.3 
and 10.3 days) (Table 3.1). Also, significant improvement in GP was achieved 
under increasing cold duration from T75 to T90.  
It was observed that RL increased with increasing temperature and cold duration 
for both non-scarified and scarified seeds (Table 3.1). It was also found that at 
higher (T10) temperature treatment for both non-scarified and scarified seeds, RL 
was longer compared to the lower temperature treatment (T5). This is because at 
chilling requirement, low temperature and duration did not improve chilling 
requirement in seeds and this may produce dwarf or shorter length of plant. So in 
our study, similar to result obtained others, for higher temperature treatments, RL 
and GP are higher than for lower temperature treatments (Koyuncu, 2005; Baskin 
and Baskin, 2004; Rouhi et al., 2003; Hartmann et al., 2001; Yang et al., 1999).   
In conclusion, germination primarily depends by the effectiveness of a scarification 
treatment in making the seed coat or endocarp permeable to water without 
damaging the embryo. The scarification technique which was used in our 
experiment was new for this plant species, so it was impossible to know a priori 
whether embryo would be damaged or not. It was finally observed that after 
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scarification, germination rate had decreased, as compared to non-scarified seeds. 
It was also observed that scarified seeds which did not germinate had a black 
colour on or near the scarified place. This shows that scarification through the used 
mechanical device damaged the embryo, which in turn explains the low GP in 
scarified seeds. It is not known whether this damage is due to injury to the embryo 
when cracking, scraping or removing the endocarp or whether some other factors 
are involved. This method of mechanically cracking the shell to improve 
germination is therefore not recommended for P. scoparia.   
Among the different other methods used in breaking dormancy, cold stratification is 
one of the most important and useful approaches for proper germination of stone 
fruits, especially for almond. Significant differences were observed for the different 
stratification durations on the time needed to initiate germination. In this study, cold 
treatment, especially cold duration above 5 °C, yielded good results on germination 
percentage and growth of seedlings. However, scarification, which was also carried 
out in this study, did not have a positive effect compared to non-scarification for 
GP, EOP, MGT and RL parameters. Only a few studies were carried out in the past 
related to the germination of wild almond (P. scoparia). So, further investigations 
are necessary to find out the optimum cold temperature treatment and scarification 
technique for optimal germination of wild almond. 
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Abstract 
Research on germination and dry matter of nut crops especially those regarding to 
wild almond (Prunus spp.) are scarce. Mechanical scarified and non-scarified 
seeds were exposed to three temperatures (0-1, 4-5 and 9-10 °C) and four 
incubation durations (45, 60, 75 and 90 days). The objective of our study was to 
evaluate the influence of scarification and stratification method based on incubation 
temperatures and duration on dry matter accumulation of seedlings up to 60 days 
of growth. Seedling dry matter was measured at 15 days intervals during the entire 
growth period. At 0-1 °C germination percentage was zero for both scarified and 
non-scarified seeds at all four incubation durations. At 9-10 °C, and 90 days of cold 
duration, germination percentage together with other plantlet parameters (shoot 
length, diameter length, leaf, stem, root, total dry matter) showed the best results 
for non-scarified and scarified seeds. Mechanical scarification reduced germination 
to 27% compared to non-scarified seeds (77%) at 9-10°C for 90 days cold duration 
treatment. Scarified seeds showed better germination results (8%) at 4-5 °C, 
whereas germination was almost zero percentage for non-scarified seeds at the 
same temperature. Best germination percentages for non-scarified and scarified 
seeds were 77% and 27% at 10 °C compared to 3% and 17% at 4-5°C. Highest dry 
matter productions were observed (average for non-scarified and scarified seeds of 
620g) at 9-10 °C for 90 days cold duration treatment, as compared to zero and 
554g for non-scarified and scarified seeds at 4-5 °C. Scarified seeds showed better 
results in terms of germination, leaf, stem and root dry matter accumulation at 4-
5°C, whereas it was almost zero for non-scarified seeds at the same treatment 
temperature In conclusion, non-scarified seeds had better results than scarified 
seeds when incubated at 9-10 °C for 90 days cold duration treatment. Scarified 
seeds could be used if incubated at 4-5 °C.  
 
Key words: wild almond, germination, growth, dry matter accumulation. 
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4.1. Introduction 
Seeds have mechanisms to ensure germination under favourable environmental 
conditions. Some seeds, however, have a hard seed coat or endocarp. In natural 
conditions, these seeds usually get bruised. In artificial conditions, they need to be 
nicked (called scarification) prior to germination. Seeds from species such as apple 
and almond require a cold treatment to break dormancy, called stratification 
(Bewley et al., 1994; Baskin and Baskin, 1998; Hartmann et al., 2001). In natural 
conditions, this usually occurs as the result of regular freeze-thaw cycles. 
Mechanisms involved in breaking dormancy also trigger the physiological 
processes in seeds that initiate germination. The latter include digestion of reserve 
dry matter, and redistribution and translocation of new metabolites to different 
organs of the developing plumule and radicle (Fenner, 1991; Gutterman, 1992).  
Plant growth and development cover a variety of diverse and complex phenomena. 
They generally include all of the phases of plant life starting from seed germination, 
i.e. seedling emergence and establishment, up to maturity. Gain in weight, 
increase in dimensions, cell division and cell enlargement, and gain in biomass are 
some of the vital phenomena of growth. Early growth of numerous cells is 
integrated to produce a new plant.  
Growth initiated from the embryo is influenced by several internal and external 
factors. Measurement of accumulated dry matter acts as an index of plant growth 
(Mukherji and Ghosh, 1996). Rupture of seed coat by the emerging plumule 
denotes the onset of seedling development. The seedling grows up by consuming 
the reserve food stored in the seed (endosperm) whereupon the process of 
redistribution and accumulation of assimilates starts and continues. The direction in 
flow of assimilates starts from source organs in the seed via a transport path to the 
sink organs, i.e. the developing seedling (Gupta, 1979). The reserve dry matter 
content of the seed primarily regulates dry matter partitioning among the different 
parts of the developing seedling.  
In many cases, the environment to which the seed was subjected before 
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germination plays a key role in germination and growth. Temperature has a direct 
influence on assimilate transport path and can regulate the flow of translocation of 
assimilates.  
Very little work has been done on seed germination nor growth or biomass of wild 
almond (Prunus scoparia). Wild almond is a useful species as it is used as a 
rootstock in almond (Prunus dulcis) cultivation and grown for other purposes such 
as pharmaceuticals, chemical industry, conservation of natural resources and soil 
stabilization for soil erosion control (Sabeti, 1975; Abrishami, 1995; Rouhi et al. 
2007). Therefore, this study investigates the effect of different cold durations, 
stratification and scarification on seed germination, growth and biomass production 
of wild almond seedlings. 
4.2. Material and Methods 
4.2.1. Seed Collection and Treatment  
Germinated and non germinated seeds in the different cold treatments were taken 
out of Petri dishes at the end of the different cold durations and individually planted 
in 9 cm pots containing vermiculite (see § 3.2.2). Seedlings were grown in the 
greenhouse at 27 (±5) °C, and 65 (±10) % RH under normal day light and well-
watered conditions from May 2004 till the end of June 2004. Seedlings were 
harvested 60 days after planting. Pots were checked daily for moisture content and 
tap water was added to the pots when necessary. Standard Hoagland nutrient 
solution was applied twice during the whole period (60 days) in the greenhouse for 
all seedlings. 
4.2.2. Experimental Design 
Experimental design are similar to those presented in § 3.2.2.  
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4.2.3. Measurements 
Observations and measurements started one week after seeds were placed in the 
respective refrigerators (T1, T5, T10) (day zero). The following data were collected: 
(i) number of germinated seeds; germination was considered to have occurred 
when the radicle exceeded 5 mm in length; (ii) seedling length (SL) at 15, 30, 45 
and 60 days after planting in the greenhouse (DAP); (iii) seedling diameter (SD) at 
15, 30, 45 and 60 DAP; (iiii) leaf, stem, root and total dry weight (LDW, SDW, 
RDW, TDW, respectively) at 60 DAP. 
Germinated seeds were counted every week after the start of the experiment till 
day 45, 60, 75 and 90 for each duration, respectively. Germination percentage 
(GP, in %) was calculated following Bewley and Black (1986): 
100×=
N
nGP          (1) 
where, n is number of seeds which had completed germination at the time of 
measuring and N is total number of seeds per treatment.  
SL was measured using a ruler (± 0.1 mm) from seedling base to the tip of the 
plant. SD was measured at the base of the seedlings (2 cm above the soil) with a 
vernier caliper (± 0.01 mm).  
Dry weight of leaf, stem and root were determined 60 days after planting in 
greenhouse by drying all components in an oven (VISMARA, HVL 1000, Italy) at 
70 °C for 48 hours, and then at 100 °C for 24 hours (Ranjbarfardooei et al., 2001). 
Dried biomass was then weighed using a digital balance (Sartorius B310S) (± 0.01 
g). Leaf, stem and root weight ratio (LWR, SWR, RWR, respectively) and 
shoot/root ratio (RSR) were calculated following Beadle (1993) and Hunt (1978), 
and all expressed in g g-1 :   
TDW
LDW LWR =                                                                                                        (2) 
TDW
SDW SWR =                                                                                              (3) 
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TDW
RDW RWR =                                                                                                      (4) 
SDW
RDW RSR =                                                                                                         (5) 
4.2.4. Statistical Analysis  
All data were statistically analyzed using a factorial design SPSS (Version 11). 
Means were compared by a LSD test at the 5% level.  
4.3. Results 
In this study, no germination was observed for the lowest temperature treatment 
(T1), neither for scarified nor non-scarified seeds. Therefore, results of this 
treatment are not mentioned further. 
4.3.1. Germination Percentage  
A significant difference in germination percentage (GP) was observed for different 
durations, scarification and temperatures treatments. Significantly better results 
were observed for T10 compared to T5 especially in non scarified seeds, and for all 
durations (Table 4.1). 
For both T5 and T10, GP increased with increasing duration in both non-scarified 
and scarified seeds (Table 4.1). GP at T5 for non-scarified seeds was not 
significantly different among all durations. However, GP at T5D45 (0.0%) and T5D60 
(3.3%) was significantly different from T5D75 (13.3%) and T5D90 (16.7%) for scarified 
seeds (Table 4.1). GP was significantly different for both non-scarified and scarified 
seeds, between T10D45 (40% and 0.0%) and T10D90 (76.7% and 26.7%). For all 
durations, GP was significantly different between T5 and T10 for both non-scarified 
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and scarified treatments, except for 45 days for scarified seeds (Table 4.1). GP for 
T5D75 and T5D90 treatments between non-scarified and scarified seeds showed 
significant differences. For all durations, GP was significantly different between 
non-scarified and scarified seeds at T10 (Table 4.2).    
4.3.2. Shoot Length and Diameter at Different Sampling Dates  
Shoot length (SL) and diameter (SD) values were significantly higher for both 
scarified and non-scarified seeds at T10 compared to T5, for all durations (Table 4.1 
and 4.3). SL and SD were notably influenced by different durations as well as for 
non-scarified at T10 whereas for scarified seeds these values were positively 
influenced at both T5 and T10 (Table 4.1 and 4.3). At T5 and T10, SL and SD 
increased with increasing cold duration especially in scarified seeds with a notable 
exception for non-scarified seeds at T5 (Table 4.1 and 4.3).  
It was clearly shown that length and diameter differ from the first to the second 
sampling, 15 and 30 days after planting (DAP), respectively. These are 
comparatively more than that of length differences from 30 to 45 DAP sampling for 
scarified seeds at T10. This trend increased until 60 DAP sampling (Table 4.2 and 
4.4). At T5, SL and SD were significantly different when comparing non-scarified 
and scarified seeds for D75 and D90 for all sampling dates whereas at T10, SL and 
SD were only different for D45 for all sampling dates (Table 4.2 and Table 4.4).    
4.3.3. Leaf, Stem, Root and Total Dry Weight  
Leaf, stem, root and total dry weight (LDW, SDW, RDW, TDW) increased with 
increasing cold duration especially at T10 for both non-scarified and scarified seeds 
(Table 4.5). All parameters were significantly different at T5 and T10 when 
comparing D45 with the three other durations in scarified seeds whereas those 
parameters for non-scarified seeds were only significantly different at T10.  
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Table 4.1: Mean values of germination percentage (GP in %) shoot length (SL in g) at different 
sampling dates (DAP) for P. scoparia. Each mean value is calculated from three replications. 
Different letters denote statistical significant differences at the 5% level. The first letter denotes 
statistically significant differences between the duration for a certain temperature and scarification 
treatment. The second letter denotes statistically differences between temperature levels for a 
certain duration and scarification treatment. T1, T5 and T10 indicate the different temperature levels 
applied. D45, D65, D75 and D90 indicate the different cold duration treatments applied 
 Non-scarification  Scarification 
Duration T1 T5 T10  T1 T5 T10 
Germination percentage 
D45 0.0a,a 0.0a,a 40.0a,b  0.0a,a 0.0a,a 0.0a,a 
D60 0.0a,a 0.0a,a 60.0ab,b  0.0a,a 3.3a,a 10.0b,b 
D75 0.0a,a 0.0a,a 63.3b,b  0.0a,a 13.3b,b 13.3b,b 
D90 0.0a,a 3.3a,a 76.7b,b  0.0a,a 16.7b,b 26.7c,c 
 
Shoot Length at 15 (DAP) 
D45 0.0a,a 0.0a,a 4.7a,b  0.0a,a 0.0a,a 0.0a,a 
D60 0.0a,a 0.0a,a 6.5a,b  0.0a,a 2.2 ab,ab 6.2ab,b 
D75 0.0a,a 0.0a,a 10.5b,b  0.0a,a 5.8 bc,b 6.7bc,b 
D90 0.0a,a 0.0a,a 11.3b,b  0.0a,a 6.0 c,b 7.2c,c 
 
Shoot Length at 30 (DAP) 
D45 0.0a,a 0.0a,a 12.1a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 18.8b,b  0.0a,a 5.0 a,ab 15.2ab,b 
D75 0.0a,a 0.0a,a 17.8b,b  0.0a,a 14.5 b,b 15.0ab,b 
D90 0.0a,a 0.0a,a 19.5b,b  0.0a,a 17.3 b,b 17.9b,b 
 
Shoot Length at 45 (DAP) 
D45 0.0a,a 0.0a,a 23.0a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 23.4a,b  0.0a,a 6.7 a,a 22.9b,b 
D75 0.0a,a 0.0a,a 25.5a,b  0.0a,a 21.8 b,b 21.9b,b 
D90 0.0a,a 0.0a,a 25.4a,b  0.0a,a 26.3 b,b 25.9c,b 
 
Shoot Length at 60 (DAP) 
D45 0.0a,a 0.0a,a 28.7a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 28.0a,b  0.0a,a 8.0 a,a 27.1b,b 
D75 0.0a,a 0.0a,a 29.0a,b  0.0a,a 28.2 b,b 27.4b,b 
D90 0.0a,a 0.0a,a 30.1a,b  0.0a,a 31.1 b,b 34.1c,b 
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Table 4.2: Mean values of germination percentage (GP in %) and shoot length (SL in g) at different 
sampling dates (DAP) for P. scoparia. Each mean value is calculated from three replications. -, * 
and ** indicate non significant, statistically significant differences at the 1% and statistically 
significant differences at the 5% levels, respectively, between scarification levels for a certain 
temperature and cold duration level. T1, T5 and T10 indicate the different temperature levels applied; 
D45, D60, D75 and D90 indicate the different cold durations applied; NS and S indicate non-scarified 
and scarified seeds, respectively 
D45 D60 D75 D90  
T1 T5 T10 T1 T5 T10 T1 T5 T10 T1 T5 T10 
Germination percentage 
NS 0.0 0.0 40.0 0.0 0.0 60.0 0.0 0.0 63.3 0.0 3.3 76.7 
S 0.0 0.0 0.0 0.0 3.3 10.0 0.0 13.3 13.3 0.0 16.7 26.7 
ANOVA - - * - - * - * * - * * 
 
Shoot Length at 15 (DAP) 
NS 0.0 0.0 4.7 0.0 0.0 6.5 0.0 0.0 10.5 0.0 0.0 11.3 
S 0.0 0.0 0.0 0.0 2.2 6.2 0.0 5.8 6.7 0.0 6.0 7.2 
ANOVA - - ** - - - - ** * - ** * 
 
Shoot Length at 30 (DAP) 
NS 0.0 0.0 12.1 0.0 0.0 18.8 0.0 0.0 17.8 0.0 0.0 19.5 
S 0.0 0.0 0.0 0.0 5.0 15.2 0.0 14.5 15.0 0.0 17.3 17.9 
ANOVA - - ** - - - - ** - - ** - 
 
Shoot Length at 45 (DAP) 
NS 0.0 0.0 23.0 0.0 0.0 23.4 0.0 0.0 25.5 0.0 0.0 25.4 
S 0.0 0.0 0.0 0.0 6.7 22.9 0.0 21.8 21.9 0.0 26.3 25.9 
ANOVA - - ** - - - - ** - - ** - 
 
Shoot Length at 60 (DAP) 
NS 0.0 0.0 28.7 0.0 0.0 28.0 0.0 0.0 29.0 0.0 0.0 30.1 
S 0.0 0.0 0.0 0.0 8.0 27.1 0.0 28.2 27.4 0.0 31.1 34.1 
ANOVA - - ** - - - - ** - - ** - 
 
The highest LDW, SDW, RDW and TDW values were found for D90 at both T5 and 
T10 for non-scarified seeds, whereas for scarified seeds the highest values for all 
those parameters were found at T10  for D90 (Table 4.5).   
For all durations, all parameters were significantly different between T5 and T10 for 
both non-scarified and scarified seeds except for scarified seeds for D45 (Table 
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4.5). All parameter were significantly different between non-scarified and scarified 
seeds at T10D45, whereas those same values for scarified and non-scarified seeds 
taken at T5 were significantly different for D75 and D90 (Table 4.6).     
 
Table 4.3: Mean values of shoot diameter (SD in mm) at different sampling dates (DAP) for P. 
scoparia. Each mean value is calculated from three replications. Different letters denote statistically 
significant differences at the 5% level. The first letter denotes statistically significant differences 
between the different cold treatment durations for a certain temperature and scarification treatment. 
The second letter denotes statistical differences between temperature levels for a certain duration 
and scarification treatment. T1, T5 and T10 indicate the different temperature levels applied. D45, D65, 
D75 and D90 indicate the different applied cold duration treatments applied  
 Non-scarification  Scarification 
Duration T1 T5 T10  T1 T5 T10 
Shoot Diameter at 15 (DAP) 
D45 0.0a,a 0.0a,a 1.5a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 1.5ab,b  0.0a,a 0.5 a,a 1.5b,b 
D75 0.0a,a 0.0a,a 1.6ab,b  0.0a,a 1.5 b,b 1.5b,b 
D90 0.0a,a 0.0a,a 1.6b,b  0.0a,a 1.5 b,b 1.6b,b 
 
Shoot Diameter at 30 (DAP) 
D45 0.0a,a 0.0a,a 1.6a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 1.6ab,b  0.0a,a 0.6 a,ab 1.6b,b 
D75 0.0a,a 0.0a,a 1.7ab,b  0.0a,a 1.6 b,b 1.6b,b 
D90 0.0a,a 0.0a,a 1.7b,b  0.0a,a 1.7 b,b 1.7c,b 
 
Shoot Diameter at 45 (DAP) 
D45 0.0a,a 0.0a,a 1.8a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 1.9a,b  0.0a,a 0.6 a,ab 1.8b,b 
D75 0.0a,a 0.0a,a 1.8a,b  0.0a,a 1.8 b,b 1.8b,b 
D90 0.0a,a 0.0a,a 1.9a,b  0.0a,a 1.9 b,b 1.9c,b 
 
Shoot Diameter at 60(DAP) 
D45 0.0a,a 0.0a,a 1.9a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 1.9ab,b  0.0a,a 0.6 a,a 1.8b,b 
D75 0.0a,a 0.0a,a 2.0ab,b  0.0a,a 1.9 b,b 1.9b,b 
D90 0.0a,a 0.0a,a 2.0b,b  0.0a,a 2.0 b,b 2.0c,b 
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Table 4.4: Mean values of shoot diameter (SD in mm) at different sampling dates (DAP) for P. 
scoparia. Each mean value is calculated from three replications. -, * and ** indicate non significant, 
statistically significant differences at the 1% and statistically significant differences at the 5% levels, 
respectively, between scarification levels for a certain temperature and cold duration level. T1, T5 
and T10 indicate the different temperature levels applied; D45, D60, D75 and D90 indicate the different 
cold durations applied; NS and S indicate non-scarified and scarified seeds, respectively 
D45 D60 D75 D90  
T1 T5 T10 T1 T5 T10 T1 T5 T10 T1 T5 T10 
Shoot Diameter at 15 (DAP) 
NS 0.0 0.0 1.5 0.0 0.0 1.5 0.0 0.0 1.6 0.0 0.0 1.6 
S 0.0 0.0 0.0 0.0 0.5 1.5 0.0 1.5 1.5 0.0 1.5 1.6 
ANOVA - - ** - - - - ** - - ** - 
 
Shoot Diameter at 30 (DAP) 
NS 0.0 0.0 1.6 0.0 0.0 1.6 0.0 0.0 1.7 0.0 0.0 1.7 
S 0.0 0.0 0.0 0.0 0.6 1.6 0.0 1.6 1.6 0.0 1.7 1.7 
ANOVA - - ** - - - - ** - - ** - 
 
Shoot Diameter at 45 (DAP) 
NS 0.0 0.0 1.8 0.0 0.0 1.9 0.0 0.0 1.8 0.0 0.0 1.9 
S 0.0 0.0 0.0 0.0 0.6 1.8 0.0 1.8 1.8 0.0 1.9 1.9 
ANOVA - - ** - - * - ** - - ** - 
 
Shoot Diameter at 60 (DAP) 
NS 0.0 0.0 1.9 0.0 0.0 1.9 0.0 0.0 2.0 0.0 0.0 2.0 
S 0.0 0.0 0.0 0.0 0.6 1.8 0.0 1.9 1.9 0.0 2.0 2.0 
ANOVA - - ** - - * - ** - - ** - 
4.3.4. Leaf, Shoot and Root Weight Ratio  
Leaf, shoot and root weight ratio (LWR, SWR, RWR) at both T5 and T10 increased 
with increasing cold duration for scarified seeds (Table 4.7). All parameters were 
significantly different between D45 and other durations for scarified seeds at T5 and 
T10 (Table 4.7). For all durations LWR, SWR and RWR were significantly different 
between T5 and T10 for non-scarified seeds, whereas for scarified seeds there was 
only a significant difference observed for LWR at D60 and for SWR at D90 (Table 
4.7). All parameters were significantly different between non-scarified and scarified 
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seeds for T10D45, whereas for T5 it was significantly different at D75 and D90 (Table 
4.8). 
 
Table 4.5: Mean values of leaf, stem, root and total dry weight (g) for P. scoparia. Each mean value 
is calculated from three replications. Different letters denote statistically significant differences at the 
5% level. The first letter denotes statistical significant differences between the duration for a certain 
temperature and scarification treatment. The second letter denotes statistically differences between 
temperature levels for a certain duration and scarification treatment. T1, T5 and T10 indicate the 
different temperature levels applied. D45, D65, D75 and D90 indicate the different cold duration 
treatments applied  
 Non-scarification  Scarification 
Duration T1 T5 T10  T1 T5 T10 
Leaf Dry Weight 
D45 0.0a,a 0.0a,a 122.5a,b  0.0a,a 0.0 a,a 0.0a,a 
D60 0.0a,a 0.0a,a 122.5a,b  0.0a,a 46.2 a,ab 132.0 b,b 
D75 0.0a,a 0.0a,a 161.3a,b  0.0a,a 130.3 b,b 123.2 b,b 
D90 0.0a,a 0.0a,a 167.5a,b  0.0a,a 134.3 b,b 165.1 c,c 
 
Stem Dry Weight 
D45 0.0a,a 0.0a,a 173.0 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 172.8 a,b  0.0a,a 41.1 a,a 189.6 b,b 
D75 0.0a,a 0.0a,a 178.3 a,b  0.0a,a 156.9 b,b 205.9 bc,b 
D90 0.0a,a 0.0a,a 200.8 a,b  0.0a,a 201.7 b,b 224.8 c,c 
 
Root Dry Weight 
D45 0.0a,a 0.0a,a 204.4 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 199.7 a,b  0.0a,a 68.2 ac,ab 193.5 b,b 
D75 0.0a,a 0.0a,a 227.6 a,b  0.0a,a 160.1 bc,b 194.5 b,b 
D90 0.0a,a 0.0a,a 253.9 a,b  0.0a,a 218.1 b,b 228.1 c,b 
 
Total Dry Weight 
D45 0.0a,a 0.0a,a 499.9 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 495.0 a,b  0.0a,a 155.5 a,a 515.1 b,b 
D75 0.0a,a 0.0a,a 567.3 a,b  0.0a,a 447.2 a,b 523.6 b,b 
D90 0.0a,a 0.0a,a 622.1 a,b  0.0a,a 554.1 a,b 618.0 c,c 
 
 
 
 
Chapter 4 71
Table 4.6: Mean values of leaf, stem, root and total dry weight (g) for P. scoparia. Each mean value 
is calculated from three replications. -, * and ** indicate non significant, statistically significant 
differences at the 1% and statistically significant differences at the 5% levels, respectively, between 
scarification levels for a certain temperature and cold duration level. T1, T5 and T10 indicate the 
different temperature levels applied; D45, D60, D75 and D90 indicate the different cold durations 
applied; NS and S indicate non-scarified and scarified seeds, respectively 
D45 D60 D75 D90  
T1 T5 T10 T1 T5 T10 T1 T5 T10 T1 T5 T10 
Leaf Dry Weight 
NS 0.0 0.0 122.5 0.0 0.0 122.5 0.0 0.0 161.3 0.0 0.0 167.5
S 0.0 0.0 0.0 0.0 46.2 132 0.0 130.3 123.2 0.0 134.3 165.1
ANOVA - - ** - - - - ** - - ** - 
 
Stem Dry Weight 
NS 0.0 0.0 173.0 0.0 0.0 172.3 0.0 0.0 178.3 0.0 0.0 200.8
S 0.0 0.0 0.0 0.0 41.1 189.6 0.0 156.9 205.9 0.0 201.7 224.8
ANOVA - - ** - - - - ** - - ** - 
 
Root Dry Weight 
NS 0.0 0.0 204.4 0.0 0.0 199.7 0.0 0.0 227.6 0.0 0.0 253.9
S 0.0 0.0 0.0 0.0 68.2 193.5 0.0 160.1 194.5 0.0 218.1 228.1 
ANOVA - - ** - - - - ** - - ** * 
 
Total Dry Weight 
NS 0.0 0.0 499.9 0.0 0.0 495.0 0.0 0.0 567.3 0.0 0.0 622.1
S 0.0 0.0 0.0 0.0 155.5 515.1 0.0 447.2 523.6 0.0 554.1 618.0 
ANOVA - - ** - - - - ** - - ** - 
4.3.5. Root Shoot Ratio  
Root shoot ratio (RSR) at both T5 and T10 increased with increasing cold duration 
till D75 for scarified seeds (Table 4.7). For scarified seeds, RSR was significantly 
different between D45 and all other duration at T5 and T10 (Table 4.7). For all 
durations, RSR was significantly different between T5 and T10 for non-scarified 
seeds, whereas for scarified seeds it was only significantly different for D60 (Table 
4.7). RSR was significantly different between non-scarified and scarified seeds at 
T10D45 whereas at T5 it was significantly different at D75 and D90 (Table 4.8).    
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Table 4.7: Mean values of leaf, stem, root weight and root/stem ratio (g g-1) for P. scoparia. Each 
mean value is calculated from three replications. Different letters denote statistically significant 
differences at the 5% level. The first letter denotes statistical significant differences between the 
durations for a certain temperature and scarification treatment. The second letter denotes 
statistically differences between temperature levels for a certain duration and scarification 
treatment. T1, T5 and T10 indicate the different temperature levels applied. D45, D65, D75 and D90 
indicate the different cold duration treatments applied 
 Non-scarification  Scarification 
Duration T1 T5 T10  T1 T5 T10 
Leaf Weight Ratio 
D45 0.0a,a 0.0a,a 0.2 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 0.3 a,b  0.0a,a 0.1 ac,ab 0.3 b,b 
D75 0.0a,a 0.0a,a 0.3 a,b  0.0a,a 0.3 bc,b 0.2 b,b 
D90 0.0a,a 0.0a,a 0.3 a,b  0.0a,a 0.2 c,b 0.3 b,c 
 
Shoot Weight Ratio 
D45 0.0a,a 0.0a,a 0.6 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 0.6 a,b  0.0a,a 0.2 a,a 0.6 b,b 
D75 0.0a,a 0.0a,a 0.6 a,b  0.0a,a 0.6 b,b 0.6 b,b 
D90 0.0a,a 0.0a,a 0.6 a,b  0.0a,a 0.6 b,b 0.6 b,b 
 
Root Weight Ratio 
D45 0.0a,a 0.0a,a 0.4 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 0.4 a,b  0.0a,a 0.1 a,ab 0.4 b,b 
D75 0.0a,a 0.0a,a 0.4 a,b  0.0a,a 0.4 b,b 0.4 b,b 
D90 0.0a,a 0.0a,a 0.4 a,b  0.0a,a 0.4 b,b 0.4 b,b 
 
Root/Shoot Ratio 
D45 0.0a,a 0.0a,a 0.7 a,b  0.0a,a 0.0 a,a 0.0 a,a 
D60 0.0a,a 0.0a,a 0.7 a,b  0.0a,a 0.3 ab,ab 0.6 b,b 
D75 0.0a,a 0.0a,a 0.7 a,b  0.0a,a 0.6 b,b 0.6 b,b 
D90 0.0a,a 0.0a,a 0.7 a,b  0.0a,a 0.7 b,b 0.6 b,b 
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Table 4.8: Mean values of leaf, stem, root weight and root/stem ratio (g g-1) for P. scoparia. Each 
mean value is calculated from three replications. -, * and ** indicate non significant, statistically 
significant differences at the 1% and statistically significant differences at the 5% levels, 
respectively, between scarification levels for a certain temperature and cold duration level. T1, T5 
and T10 indicate the different temperature levels applied; D45, D60, D75 and D90 indicate the different 
cold durations applied; NS and S indicate non-scarified and scarified seeds, respectively 
D45 D60 D75 D90  
T1 T5 T10 T1 T5 T10 T1 T5 T10 T1 T5 T10 
Leaf Weight Ratio 
NS 0.0 0.0 0.2 0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 0.3 
S 0.0 0.0 0.0 0.0 0.1 0.3 0.0 0.3 0.2 0.0 0.2 0.3 
ANOVA - - ** - - - - ** - - ** - 
 
Root Weight Ratio 
NS 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 
S 0.0 0.0 0.0 0.0 0.1 0.4 0.0 0.4 0.4 0.0 0.4 0.4 
ANOVA - - * - - - - ** - - ** - 
 
Shoot Weight Ratio 
NS 0.0 0.0 0.6 0.0 0.0 0.6 0.0 0.0 0.6 0.0 0.0 0.6 
S 0.0 0.0 0.0 0.0 0.2 0.6 0.0 0.6 0.6 0.0 0.6 0.6 
ANOVA - - ** - - - - ** - - ** - 
 
Root/Shoot Ratio 
NS 0.0 0.0 0.7 0.0 0.0 0.7 0.0 0.0 0.7 0.0 0.0 0.7 
S 0.0 0.0 0.0 0.0 0.3 0.6 0.0 0.6 0.6 0.0 0.7 0.6 
ANOVA - - ** - - - - ** - - ** - 
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4.4. Discussion 
In the present study, at T10, values obtained for differences between non-
scarification and scarification were significantly different for all cold durations. 
Scarification did not yield significantly better results than non-scarification except at 
T10 (Table 4.2). Liu et al. (2005) reported that the most effective method for 
breaking dormancy in Garcinia cowa was to totally or partially remove the seed 
coat, which increased germination percentage from zero to 100% and 96% after a 
pretreatment in distillated water and incubation at 30 °C, respectively. Removal of 
the seed coat layers in Echinacea angustifolia increased germination percentage 
from 6 to 20% (Chuanren et al., 2004). Our results show that at least the 
scarification method used here is not a suitable technique for improving GP of P. 
scoparia. The mechanical scarification method used in our study had not been 
tested before for this wild almond species. Lower germination percentages than 
those observed for non-scarified seeds, might indicate most embryos were 
damaged during scarification. It was observed that non-germinating scarified seeds 
were black on the scarified site, indicating embryo damage.  
To overcome deep physiological dormancy, it is necessary to stratify (moist 
chilling) seeds at determined temperatures (1-15 °C) and durations (1-4 month) 
(Baskin and Baskin, 2004; Hartmann et al., 2001; Ellis et al., 1985; Nikolaeva, 
1977). Koyuncu (2005) found that GP of Morus nigra L. increased with increasing 
cold duration. Joshi and Dhar (2003) reported in one population of Heracleum 
candicans Wall. that GP significantly improved after 14 days chilling at 4 °C 
(88.9%) compared to 7 days chilling at 4 °C (68.9%). Results of another study 
showed the germination percentage of P. scoparia was higher at 7°C compared to 
22°C, because seeds exposed to low temperature (7 °C) probably had removed 
seed chilling requirement in comparison to the higher temperature (22 °C) 
treatments (Rouhi et al., 2003). Ross (1984) and Villiers (1972) observed that 
stratification treatments had no clear effects on seed germination in Prunus avium 
exposed to low temperatures. Yang et al. (1999) reported that seed GP in five 
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populations of Arisaema dracontium species significantly increased under cold 
stratification for 3 weeks at 3 °C compared to control treatment. Comparing the 
data of seeds chilled at 5 °C for 0, 6, 12, 18 and 24 days, the maximum 
germination rate (up to 70%) was achieved after 18 days chilling treatment in 
Echinacea angustifolia (Chuanren et al., 2004). Pendleton and Meyer (2004) 
observed GP in Coleogyne ramosissima increased significantly after 6 weeks 
chilling (100%) when compared to 0, 2, 4 weeks chilling treatment (20-90%). 
In our study, germination percentage of P. scoparia increased with increasing cold 
duration and temperature, in the temperature range from 0 till 10 °C, for both non-
scarified and scarified seeds. Better results were observed for non-scarified seeds.  
The results of this study show that there was a positive impact on SL and SD as 
they both increased with increasing duration of cold treatments for all different 
dates. This could be explained by the fact that cold duration increased the 
physiological activities of seedlings which favoured their growth i.e. internode’s cell 
elongation occurred. The seedling growth rate is higher at the beginning than at a 
later stage. Martinez-Gomez and Dicenta (2001) on Prunus persica and Grigorian 
(1972) on Prunus dulcis reported that with shorter cold treatments, a rosette-type 
of growth habit was observed, a phenomenon called “physiological dwarfing” by 
Hartmann and Kester (1975). Physiological dwarfs could return to normal growth in 
their second year if adequately chilled. This phenomenon is considered as a 
special case of embryo dormancy occurring particularly in seeds of fruit species 
(Hartmann and Kester, 1975 and Bewley and Black, 1982). For all different 
sampling dates, the highest SL and SD at both temperatures were obtained at 60 
days stratification, which is in agreement with the results obtained by Martinez-
Gomez and Dicenta (2001) on Prunus persica. The latter authors showed 
stratification duration between 12 and 13 weeks were most suitable to overcome 
this embryo dormancy and to get the best growth results in germinated plants. A 
longer stratification duration (14 weeks) affected growth negatively by slightly 
reducing the height of the plants. The optimum duration of stratification observed in 
this study was similar to the range (between 10 and 13 weeks) described by Monet 
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(1983) for different peach cultivars. Rouskas et al. (1980) also defined the optimum 
stratification duration for GF305 peach cultivar to be 10 weeks at 5 °C.  
For non-scarified seeds we observed no germination at T5 compared to T10. This 
might be the result of too low chilling temperatures. However, better results were 
obtained for scarified seeds. Similar differences in behaviour between lower and 
higher treatment temperatures were obtained by El-Dengawy (2005) on Eriobotrya 
Japonica, Samaan et al. (2000) on Prunus armeniaca, Hartmann et al. (1997), El-
Dengawy (1997) and El-Nabawy et al. (1980) on Prunus persica, and Ak et al. 
(1995) on Pistacio vera. 
The leaf and in some species stem are the main photosynthetic source of the plant. 
If LDW is increased, it means its leaf area will be increased. For our experiment, 
LDW increased with increasing duration of cold treatment. Moreover, the rate of 
increase was higher in between the first and second sampling date (D45 to D60) 
compared to the increase between the third to fourth sampling date (D75 to D90). 
The same behaviour was evident for SDW, RDW and TDW. Higher LDW and SDW 
values for the longest cold duration might be the reason for the highest SL as well 
as SD. This result coincides with the others obtained by El-Dengawy (2005) who 
found better SL, SD, RDW and TDW at 5°C for 1-3 weeks stratification compared 
to control for P. dulcis. 
The results also show that LWR is related to LDW and TDW, so if leaf biomass is 
higher in a treatment, one could expect more LWR for that treatment. It was seen 
that for treatments which produced more LDW. Leaf weight ratio increased with the 
increasing of seedling age. Similar results were obtained by Uddin (2000). SWR 
trends similar showed to LWR for scarified and non-scarified at both temperatures 
at all durations. RWR ratio is related with RDW and TDW. Root weight ratio 
increased with the increase of age of seedling, similar results were obtained by 
Uddin, 2000.  
Scarified seeds only showed better results at T5, whereas scarified seeds showed 
lower results at T10. It was observed that at both temperatures, RSR was less than 
1.00. Similar results were observed by Bachelard (1968) in Eucalyptus seedlings 
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for RSR on the basis of dry weight and length, respectively.  
In conclusion, non-scarified seeds had better results than scarified seeds when 
incubated at 9-10 °C for 90 days cold duration treatment. Scarified seeds could be 
used if incubated at 4-5 °C. Among the different other methods used in breaking 
dormancy, cold stratification is one of the most important and useful approaches 
for proper germination of stone fruits, especially for almond. In this study, cold 
treatment, especially cold duration treatment yielded good results on germination 
percentage, seedlings growth and physiological activities. However, scarification, 
which was also carried out in this study, did not have a positive effect compared to 
non-scarification for GP and all mentioned growth parameters. Only a few studies 
were carried out in the past related to the germination of wild almond (P. scoparia). 
So, further investigations are necessary to find out the optimum cold temperature 
treatment and scarification technique for optimal germination of wild almond. 
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Abstract 
Prunus scoparia is native to Iran. This species has an important role in fighting 
desertification and yielding human consumption products. P. scoparia seeds were 
exposed to two temperatures (7 and 22 °C) and four gibberellic acid (0, 125, 250 
and 500 ppm). The aim of our study was to evaluate the influence of different 
temperatures and gibberellic acid concentrations on germination. Germination 
percentages showed no significant differences at tested gibberellic acid at 7 °C, but 
were significantly different at 22 °C. Significant differences were observed between 
control (0 ppm) and 500 ppm gibberellic acid. The highest seed germination 
percentage was observed with 125 ppm gibberellic acid at 7 °C. Effects of 
gibberellic acid treatments on seedling root lengths were not significant at both 
temperatures but temperature itself had highly significant effect. Maximum seedling 
lengths were observed with 250 ppm gibberellic acid and 22 °C temperature. 
Effects of gibberellic acid treatments on seedling lengths were significant but 
temperature had no effect on stem elongation. Treatment with gibberellic acid up to 
250 ppm doses increased plant length.  
 
 
 
 
 
 
 
 
 
 
 
Key words: Prunus scoparia, germination, gibberellic acid, temperature.  
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5.1. Introduction 
Prunus scoparia (Spach) C.K. Schneider is a shrub species native to Iran (Sabeti, 
1975). It occupies large areas in many parts of the country, extending its range into 
neighbouring countries (Sabeti, 1975; Etemadi and Asadi, 1999). It has an 
important role in fighting desertification and providing products for human 
consumption. This species is also used as a rootstock for commercial almond 
(Prunus dulcis) production (Abrishami, 1995; Sabeti, 1975). Successful seed 
germination depends on numerous internal and external factors. There are several 
methods to free seeds from dormancy and initiate early growth, such as 
stratification, scarification, use of growth regulators, etc. (Hartmann et al., 2001; 
Baskin and Baskin, 1998; Bewley et al., 1994). Gibberellic acid (GA3) and moist 
chilling have been used for promoting germination in related species such as 
peach, plum, apricot, cherry and apple. Also, GA3 can replace cold and light 
requirements, and scarification needed by some species for germination (Bewley, 
1997).  
Seeds of numerous temperate fruit crops such as peach, plum, apple, pear and 
apricot require a definite period of stratification (moist chilling) for uniform 
germination (Passeckar, 1955; Hartmann and Kester, 1968). Exogenous 
application of growth regulators such as auxins, gibberellins and cytokinins, and 
chemicals such as potassium nitrate or thiourea, have been shown to improve 
seed germination in fruit crops like peach, plum, apple and grapes (Fox and 
Tellechea, 1950; Nadjafi et al., 2006). Prunus seeds have embryo dormancy and 
require a period of after-ripening in the presence of moisture and oxygen to 
overcome this phenomenon (Westwood, 1993; Hartman and Kester 1975). 
Because of their stony endocarps, Prunus seeds are often thought to have only 
endocarp dormancy. However, even though the endocarp may offer some 
resistance to germination, it is permeable to water and Prunus is not truly hard-
seeded as has been documented in a number of other hard seed coat or endocarp 
species (i. e. pistachio) that are not permeable to water (Heit 1967a, b; Hartman 
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and Kester 1975). 
Removal of endocarp by hand has been shown to hasten or increase germination 
in almond (Prunus dulcis) (Gaudio and Pedone, 1963), American plum (P. 
americana) (Giersbach and Crocker, 1932), mazzard cherry (P. avium) (Zielinski, 
1958), sour cherry (P. cerasus) (Havis and Gilkeson, 1949), peach (P. persica) 
(Crocker, 1931) and sloe (P. spinosa) (Shumilina, 1949) but showes no 
advantages for plum (P. domestica) (Grisez, 1974). Nasir et al. (2001) evaluated 
the effect of various methods to scarify almond nuts, like boiling in water for 10 
minutes, dipping in concentrated sulfuric acid for 15 minutes, shell breaking with file, 
and shell breaking with hammer. Based on overall performance, Nasir et al. (2001) 
recommended that almond stons should be boiled for 10 minutes before sowing to obtain 
maximum germination results.  
To our knowledge, no work has been done on breaking of seed dormancy in wild 
almond (Prunus scoparia). Since this species is used as a rootstock for almond 
production (Abrishami, 1995; Sabeti, 1975), optimising the germination process is 
very important. Therefore, the present study was undertaken to investigate the 
effects of GA3 in combination with different temperature regimes on (breaking) 
dormancy of wild almond seeds. 
5.2. Material and Methods 
5.2.1. Experimental Design 
This study was conducted at the Laboratory of Tropical and Subtropical Agriculture 
and Ethnobotany, Faculty of Bio-Engineering Sciences of Ghent University, 
Belgium during 2002-2003. The experiment consisted of two factors: (i) 
temperature (T7: 7 °C and T22: 22 °C), and (ii) gibberellic acid (GA3) at four 
concentrations (i. e. GA0: 0 ppm, GA125: 125 ppm, GA250: 250 ppm and GA500: 500 
ppm). Temperature and GA3 treatments were selected based on literature 
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references (Fox and Tellechea, 1950; Passeckar, 1955; Hartmann and Kester, 
1968; Bewley, 1997; Nasir et al. 2001; Nadjafi et al., 2006). The above-mentioned 
factors were combined. The experiment was laid out as a factorial design with 8 
treatments (2 temperature x 4 gibberellic acid levels) and 3 replications.  
5.2.2. Seed Collection and Treatment  
Seeds were collected from Prunus scoparia shrubs in natural stands near 
Shahrekord Natural Resources Institute in Chaharmahal-Bakhtiari province, Iran 
during August 2002. Uniformly-sized seeds were selected for testing and randomly 
divided over each experimental unit. Seeds were broken by hammer and their 
kernel was subsequently soaked in the four different GA3 solutions for 24h on 
December 15, 2002. Ten seeds per treatment were placed on moist filter paper (90 
mm diameter) in Petri dishes (95 mm diameter) on December 16, 2002 and 
transferred to a dark refrigerator and incubator, representing the 7 and 22 °C 
temperature treatments, respectively. Petri dishes were checked daily for moisture 
content and tap water was added to the filter paper when necessary. Whereas 
seeds from incubator were taken to the greenhouse after 10 days when complete 
germination was attained, those in the refrigerator were taken to the greenhouse. 
Germinated seeds were then individually planted in 9 cm pots containing 
propagational 50% soil No. 4 (90% peat and 10% fine sand, Structural, Kaprijke, 
Belgium) and 50% heavy soil (clay and peat). Seedlings were grown in the 
greenhouse at 27 (±5) °C, and 60 (±10) % RH under additional light (HPLR 700 
Watt, Philips, Holland) in day time and well-watered conditions from the end of 
December 2002 till June 2003.  
5.2.3. Measurements 
Observations and measurements started three days after seeds were placed in the 
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refrigerator and incubator. The following data were collected: (i) number of 
germinated seeds germination was considered to have occurred when the radicle 
exceeded 5 mm in length; (ii) seedling root length measured after completed 
germination depends on temperature treatments (i.e. incubator after 10 days and 
refrigerator after 45 days); (iii) seedling shoot length at 30 and 150 days after 
planting; and (iv) number of stems at 150 day after planting per seedling. 
Number of germinated seeds was counted daily. Final germination percentage 
(GP, in %) was calculated following Bewley and Black (1986), as: 
100x
N
nGP =          (1), 
where n is the number of seeds which had completed germination depending on 
temperature treatment, and N is total number of seeds per treatment. Root length 
and seedling shoot length was measured from seed base to root and stem tip, 
respectively, using a ruler with an accuracy of 0.1 mm.  
5.2.4. Statistical Analysis  
All data were statistically analyzed using a factorial design by SPSS (Version 11). 
Means results were compared by LSD test at 5% level.  
5.3. Results 
5.3.1. Germination Percentage  
According to the results, a higher germination percentage (GP)  was observed for 
T7 compared to T22 for all GA3 concentrations except GA500 (Table 5.1). The 
highest germination percentage at T7 and at T22 was obtained for GA125 (100%) 
and GA500 (100%), respectively (Table 5.1). GP showed no significant differences 
for GA3 concentrations at T7, but differences were significant between GA500 and 
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the three other GA concentrations at T22. Significant differences were clearer 
between control (GA0) and GA500 (Table 5.1). Significant differences appeared 
between T7 and T22 for GA0 and GA125 (Table 5.2).  
5.3.2. Seedling Root Length  
Seedling root length (SRL) was higher for all GA3 concentrations at T7 when 
compared to T22 (Table 5.1). For both temperatures, SRL decreased with 
increasing GA3 concentrations. The highest SRL at T7 (3.66 cm) and at T22 (2.36 
cm) was obtained for GA0 (Table 5.1). SRL showed no significant differences for all 
GA3 concentrations at both temperatures (Table 5.1). Significant differences 
between T7 and T22 only appeared for GA125 (Table 5.2). 
 
Table 5.1: Mean values of germination percentage (GP), seedling root length (SRL), shoot length at 
30 and 150 day after planting (SL30 and SL150) and stem number (SN) for P. scoparia. Each mean 
value is calculated from three replications. Different letters denote statistically significant differences 
at the 5% level between the concentrations for a certain temperature treatment. T7, and T22 indicate 
the different temperature levels applied; GA0, GA125, GA250 and GA500 indicate the different 
gibberellic acid concentrations applied; See text for more explanation 
 GP (%)  SRL (cm)  SL30 (cm)   SL150 (cm)  SN 
 T7 T22  T7 T22  T7 T22  T7 T22  T7 T22 
GA0 91.7a 51.7a  3.7a 2.4a  13.6ab 12.9a  56.1a 51.8a  5.3a 4.7a 
GA125 100a 66.7a  3.7a 2.1a  16.2a 13.7a  58.7a 36.5b  7.0a 4.5a 
GA250 75.0a 68.3a  3.3a 2.0a  11.9b 19.3b  55.0a 34.6b  8.0a 5.3ab 
GA500 83.3a 100b  3.0a 1.8a  12.8b 8.9c  50.8a 29.7b  6.0a 7.0b 
5.3.3. Seedling Length at 30 and 150 Days after Planting  
Seedling length (SL) at both temperature treatments decreased with increasing 
GA3 concentrations especially for SL150 (Table 5.1). The highest SL30 for T7 and T22 
was obtained for GA125 (16.2 cm) and GA250 (19.3 cm), respectively, whereas for  
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SL150 it was obtained for GA125 (58.7 cm) and GA0 (51.8 cm), respectively (Table 
5.1). SL30 did not show clear differences between T7 and T22 for any different GA3 
concentrations tested. SL150 was higher at T7 compared to T22; however significant 
differences only appeared for GA250 (Table 5.2)  
 
Table 5.2: Mean values of germination percentage (GP), seedling root length (SRL), shoot length at 
30 and 150 day after planting (DAP) (SL30 and SL150) and stem number (SN) for P. scoparia. Each 
mean value is calculated from three replications. (*) and (**) indicate statistically significant 
differences at the 1% and 5% level between temperature levels for a certain gibberellic acid 
concentration. T7 and T22 indicate the different temperature levels applied; GA0, GA125, GA250 and 
GA500 indicate the different gibberellic acid concentrations applied; See text for more explanation 
Treatment GA0 GA125 GA250 GA500 
Germination percentage 
T7 91.67 100.0 75.00 83.30 
T22 51.67 66.67 68.33 100.0 
ANOVA * ** - - 
Seedling Root Length 
T7 3.66 3.67 3.03 2.97 
T22 2.36 2.01 1.95 1.82 
ANOVA - * - - 
Seedling Length At 30 DAP 
T7 13.63 16.24 11.93 12.83 
T22 12.87 13.07 19.23 8.93 
ANOVA - - * - 
Seedling Length At 150 DAP 
T7 56.10 58.37 55.00 50.83 
T22 51.08 36.47 34.63 29.07 
ANOVA - - * - 
Stem Number 
T7 5.33 7.00 8.00 6.00 
T22 4.73 4.50 5.33 7.00 
ANOVA - - * - 
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5.3.4. Stem Number  
Stem number (SN) increased with increasing GA3 concentrations for both 
temperatures except for the combination T7 and GA500 (Table 5.1). SN at T7 
showed no significant differences when comparing GA3 concentrations but at T22 
significant differences were observed between GA0, GA125 and GA500 (Table 5.1). 
Although SN in T7 was higher than in T22, there were no significant differences 
between the two temperature treatments except for GA250 (Table 5.2).   
5.4. Discussion  
In the present study, stratification (moist chilling) enhanced GP. This agrees with 
findings of many other authors such as El-Dengawy (2005); on Eriobotrya japonica, 
Chuanren et al. (2004) and Baskin et al. (1992) on Echinacea angustifolia, Garcia-
Gusano et al. (2004) on Prunus dulcis, Bello et al. (1999) on Eriochloa villosa and 
Shalaby et al. (1997) on Echinacea purpurea. As shown in our results, gibberellins 
break or reduce dormancy in seeds of P. scoparia, which may be correlated with 
the reported rise of gibberellins during chilling (Rehman and Park, 2000; Norton, 
1985 and 1986; Khan and Saminy, 1982; McBride and Dickson, 1972; Webb and 
Dunbroff, 1969). Gibberellins can also replace chilling requirements in some 
temperate zone fruit seeds and thus increase germination percentage (Hartmann 
et al., 2001). Application of GA3 at higher temperature (T22) was different from 
lower temperature (T7) probably because exogenous GA3 replaced chilling 
requirement and enhanced endogenous GA3 level which is necessary for 
germination. Also, treatment of seeds with GA3 resulted in earlier germination and 
increased germination uniformity in comparison to control, a phenomenon which 
was also described by Bulard et al. (1985) and Hartmann et al. (2001). 
Germination percentage was not significantly influenced by different GA3 
concentrations at low temperature (T7). This might be caused by an increased 
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endogenous GA3 level which removed chilling requirement. Therefore, application 
of exogenous GA3 had no clear effects as was also observed by other authors (e.g.  
Villiers, 1972; Ross, 1984; Rehman and Park, 2000). 
Although GA3 treatment did not have any significant influence on seedling root 
length (SRL), SRL showed a trend to decrease with increasing GA3 concentration, 
for both temperature regimes. Leite et al. (2003) observed that application of GA3 
decreased root length in comparison with the control treatment. Although GP and 
SRL did not show any significant correlation, a positive link between both was 
observed.  
Seedling lengths were notably influenced by GA3. This suggests that seed 
treatment with GA3 up to 250 ppm increased plant length by promoting internode’s 
cell elongation. However, at 500 ppm GA3 inhibited cell elongation probably due to 
a toxic effect of a high GA3 concentration (Leite et al., 2003). Ak (1995) also 
observed that soaking seeds of Pistacia vera in GA3 for 24 hours up to 250 ppm 
increased plant length. In our experiment, effect of GA3 at 150th days was not 
significant due to probably decayed GA3. Temperature at 30th days had not any 
effect but at 150th days after sowing had significant effect on seedling lengths. 
Presumably chilling promoted the endogenous gibberellins synthesizing system in 
seeds so that seeds had better growth than non-treated seeds with chilling 
(Grigorian, 1972; Hartmann and Kester, 1975; Bewley and Black, 1982; Martinez-
Gomez and Dicenta, 2001). Although seeds exposed to exogenous GA3 showed 
better growth compared to control, growth was not as good as seeds exposed to 
chilling. This shows seeds that were exposed to stratification have a good growth 
(Davies, 1987). GP and SL had negative correlation.  
SN increased with application of GA3 up to 250 ppm at T7 and T22, respectively. 
Number of stems in T7 was more than at T22 resulted better growth the same as 
seedling length. GP and SN had positive correlation.  
In conclusion, moist chilling yields better results in comparison to higher 
temperature treatment. Also, high germination percentage, seedling length and 
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stem number in wild almond (Prunus scoparia) seeds obtained with application of 
GA3.  
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Abstract 
Three different drought stress levels (water potential of the nutrient solution, 
Ψs = −0.6, −1.2 and −1.8 MPa, respectively), and a control treatment 
(Ψs = −0.1 MPa), were applied during 2 weeks to three almond species, followed 
by 3 weeks of recovery. The selected test species were Prunus dulcis (Miller) 
D.Webb (bitter almond) and two wild almond species, P. lycioides (Spach) C.K. 
Schneider and P. scoparia (Spach) C.K. Schneider. All three are species native to 
Iran, and can be used as rootstock, but only P. dulcis is actually used for 
commercial almond production.  
In the absence of drought stress, maximum net assimilation rate (Amax) is highest 
for P. scoparia and lowest for P. dulcis. For all species Amax was above 
16 µmol CO2 m−2 s−1. A similar relationship between Amax and dark respiration rate 
(Rd), was observed for all species. This relationship suggests that optimisation of 
the carbon budget is independent of species.  
The three investigated species seem to have a different reaction to a similar stress, 
indicating different drought stress coping strategies. P. scoparia lost all its leaves 
during the experiment, while P. lycioides only kept some leaves, however, the 
remaining leaves were almost totally wilted and did not allow for any 
photosynthesis measurement. P. scoparia did not recover during the experiment, 
as no new leaves were developed once Ψs was restored to pre-drought stress 
levels. However, this species has green stems, indicating that stem photosynthesis 
might play an important role in the plants’ overall carbon balance. This species is 
an opportunistic one (sensu [Higgins, S.S., Larsen, F.E., Bendel, R.B., Radamaker, 
G.K., Bassman, J.H., Bidlake, W.R., Alwir, A., 1992. Comparative gas-exchange 
characteristics of potted, glasshouse-grown almond, apple, fig, grape, olive, peach 
and Asian pear. Sci. Hortic. 52 (4), 313–329]), where assimilation is seriously 
limited by non-stomatal processes as evidenced by measurements of intercellular 
CO2 concentration, eventually resulting in total leaf loss. All P. lycioides leaves 
almost completely wilted during the experiment, but this species recovered rather 
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quickly. Leaves, newly formed at the end of the experiment, obtained maximal 
assimilation rates under control Ψs levels, equivalent to those measured in the 
control treatment. Finally, P. dulcis did keep at least part of its leaves during 
drought stress. However, assimilation rates after 2 weeks of drought treatment and 
3 weeks of recovery were only about half of those measured in the control 
treatment. Of the three investigated species, non-stomatal limitation of assimilation 
seems to be the least important in P. dulcis.  
Intrinsic water use efficiency, defined as the ratio of assimilation rate over stomatal 
conductance, increased for P. dulcis with increasing drought stress, while a 
different pattern was observed for P. lycioides and P. scoparia, indicating non-
stomatal processes prevail over stomatal limitations of the assimilation process. It 
was concluded that P. dulcis is the species most tolerant to drought. P. scoparia 
tries to avoid drought, whereas P. lycioides has an intermediate behaviour. 
Besides P. dulcis, also P. lycioides seems to have some potential for use as 
rootstock for commercial almond production.  
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: PEG 6000; Leaf abscission; Intrinsic water use efficiency; Intercellular 
CO2 concentration; Drought tolerance; Drought avoidance 
                        
Photosynthetic gas exchange during drought and recovery  
 
 
94
6.1. Introduction 
Prunus dulcis (Miller) D.Webb (bitter almond) and two wild almond species, P. 
lycioides (Spach) C.K.Schneider and P. scoparia (Spach) C.K.Schneider, are all 
three native species to Iran. Almond species, in general are characterised as 
drought resistant (De Herralde et al. 2003). They are able to withstand frequent 
periods of low soil moisture accompanied by high evaporative demand and high air 
temperature during the growing season. The three species mentioned are used as 
rootstock, but only P. dulcis serves as a rootstock for commercial almond (P. 
dulcis) production. These three species occupy large areas of the Iranian and 
neighbouring countries’ countryside. Large areas for almond production are also 
occupied in Mediterranean countries like Spain, and in the United States (De 
Herralde et al. 2003). They have an important role in fighting desertification and 
providing products for human consumption, such as almond kernels and oil which 
is used in confectionery, and also in pharmaceutical and cosmetic preparations 
(Abrishami 1995, Sabeti 1975, Mitra et al. 1991). 
Drought stress has profound effects on plant physiology in general, and thus on 
almond productivity and growth in particular. Plant physiological processes such as 
photosynthesis and transpiration depend on the rapidity, severity and duration of 
the drought event (Vadell and Medrano, 1992). Normally, the first symptom of 
drought stress becomes evident at stomatal level. Stomata reduce their degree of 
opening to prevent desiccation (Flexas and Medrano 2002). Subsequently, 
photosynthesis is affected by internal water deficiency following stomatal closure. 
As a result, net photosynthesis is unavoidably reduced due to decreased CO2 
availability at chloroplast level (Wong et al. 1985, Cornic 1994). In some plant 
species, drought also decreases net photosynthesis through non-stomatal factors, 
which reduce mesophyll photosynthesis capacity (Weng 1993), like a decreased 
carboxylation efficiency (Ramanjulu et al. 1998). 
Higgins et al. (1992) reported that almond in comparison with apple, fig, olive, 
peach and Asian pear had the highest net photosynthetic rate at different light 
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intensities. These authors also mentioned that for temperatures between 10 and 50 
°C, dark respiration rate was highest for almond. Romero et al. (2004b) observed 
that during pre-harvest period, photosynthesis rate of drought-stressed almonds 
was lower than that of plants in control (unstressed) conditions, whereas during 
subsequent recovery their photosynthesis rate was the same as or even better 
than that of control plants.    
Ranjbarfardooei et al. (2000) reported that net photosynthetic rates decreased with 
increasing drought stress in Pistacia khinjuk and P. mutica, that are both species 
used as rootstock for edible pistachio (P. vera) production in Iran. Behboudian et 
al. (1986) mentioned that photosynthesis rate of Pistacia vera declined when leaf 
water potential decreased. Filella et al. (1998) mentioned that non-drought-
stressed plants had higher photosynthetic rates and stomatal conductance than 
drought-stressed plants in Phillyrea latifolia (Oleaceae), Pistacia lentiscus 
(Anacardiaceae) and Quercus ilex (Fagaceae). According to Pham et al. (1982), 
dehydration decreases photosynthetic activity and intensifies decarboxylation 
processes in Atriplex nummularia. Saccardy et al. (1996) reported that the 
inhibition of net photosynthesis in maize following water deficit was mainly due to 
stomatal closure when plants were slowly dehydrated whereas rapid dehydration 
induced a non-stomatal photosynthesis reduction process. Photosynthetic rates 
and stomatal conductance of Citrus unshiu trees were significantly reduced with 
increasing dehydration (Yakushiji et al. 1998). Similar results were reported for 
cedar (Cedrus atlantica and C. libani) by Epron (1997) and apple by Fernandez et 
al. (1997b).  
As it is, photosynthesis response, and thus indirectly productivity, to drought stress 
in P. lycioides and P. scoparia has not been described yet. Apart from P. dulcis, P. 
lycioides and P. scoparia are also used as rootstock in Iran, but only P. dulcis is 
actually used as rootstock for commercial almond production. The selection of the 
best rootstock, based on ecophysiological drought stress characterisation, is of 
utmost importance to optimise production in dry environments. Therefore, the aim 
of this study is to compare photosynthetic gas exchange patterns of both these wild 
Photosynthetic gas exchange during drought and recovery  
 
 
96
almond species (P. lycioides and P. scoparia), together with the commonly studied 
P. dulcis (bitter almond), during drought stress build-up and a subsequent recovery 
period, for estimation of their rootstock potential. Different soil drought stress 
conditions that are representative for natural Iranian conditions were induced by 
Polyethylene Glycol 6000 (PEG 6000). For the three species studied and for the 
different drought stress levels, light response curves were established weekly 
during the whole length of the experiment. 
6.2. Material and Methods 
6.2.1. Plants and Experimental Conditions 
Prunus dulcis (Miller) D.Webb (cultivated bitter almond) and P. lycioides (Spach) 
C.K. Schneider and P. scoparia (Spach) C.K. Schneider, two wild almond species, 
were selected as test material, as they are used as rootstocks for almond 
production, for their role in fighting desertification, and as they are able to withstand 
frequent drought stress periods.  
The experiments were carried out at the Faculty of Bioscience Engineering (Ghent 
University) during 2003–2004. Seeds of P. dulcis, P. lycioides and P. scoparia 
were obtained from natural areas near Shahrekord Natural Resources Institute in 
Chaharmahal-Bakhtiari province, Iran. Seeds were collected from several trees to 
obtain the enough amounts of seeds for experiment. Seeds were stratified at 7 °C 
for 3 months from the first of February till the end of April. Seeds were then sown in 
5 l pots containing a mix soil of organic material including white sphagnum (45%), 
peat (40%) and perlite (15%) (type 8a2, Shebbout nv, Belgium). Seedlings were 
grown in the greenhouse at 27 (±5) °C, and 65 (±10)% RH under normal day light 
and well-watered conditions from May 2003 till the end of January 2004. In 
February 2004, prior to starting the experiment, plants were taken out of the soil 
mixture, the roots washed and the seedlings’ roots and stems pruned to obtain 
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uniform planting material for all species and plants. All plants were pruned so that 
one main stem and three branches of 20 cm each remained. Then, roots were 
treated with fungicide (Orthocide 80%) and plants were individually transplanted to 
5 l pots filled with vermiculite. Pots were then arranged in a greenhouse-based 
gutter system described by Ranjbarfardooei et al., 2000 and Ranjbarfardooei et al., 
2002. The plants were continuously irrigated using a circulating system consisting 
of a water pump, gutter and a reservoir containing a standard Hoagland nutrient 
solution. For each of the four drought stress levels (see infra) two separate gutters, 
each with a separate reservoir, were set-up. For each species, three plants were 
randomly divided over the two separate gutters for each drought treatment.  
Drought treatments consisted of a control treatment (CT) (osmotic potential of the 
nutrient solution (Ψs) = −0.1 MPa), and three drought stress levels (DS) (Ψs = −0.6, 
−1.2 and −1.8 MPa, respectively). Drought stress levels were induced by adding 
non-penetrating polymers of PEG 6000 (Chazen et al., 1995) to the nutrient 
solution following Ranjbarfardooei et al. (2000). Drought stress levels were chosen 
according to the prevailing climatic and soil water conditions in Iran. The 
concentration of PEG 6000 in the nutrient solution needed to obtain the respective 
drought stress levels was determined following Burlyn and Merrill (1973).  
Drought treatments started on April 5, 2004, by daily and linearly adding PEG 6000 
till final drought stress levels were attained for all treatments after 2 weeks, 
following Ashraf and Leary (1996). This means, in effect, that the osmotic potential 
of the nutrient solution decreased at a rate of −0.043, −0.083 and 
−0.129 MPa day−1 during these 2 weeks to obtain a final osmotic potential of −0.6, 
−1.2 and −1.8 MPa, respectively. Drought stress levels were then maintained for 2 
weeks (SW), from April 19 till April 30, 2004. The drought stress levels to which the 
plants were subjected were kept constant by regularly checking the electric 
conductivity (EC) (HI 9933, Hanna Instruments Inc., Woonsocket, RI) of the 
nutrient solution and adding distilled water when necessary until the original EC 
value was reached again. On the first day after these 2 weeks had ended, nutrient 
solutions for all treatments were replaced by that of the control treatment. Thus, Ψs 
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of all drought stress treatments was brought back to −0.1 MPa, and this level was 
maintained for 3 further weeks (recovery week: RW). 
Mean average day- and night-time temperature and humidity in the greenhouse 
were 32 and 20 °C, and 65 and 85%, respectively. Likewise, the daily maximum 
natural photosynthetic active radiation (PAR) intensity (PAR Quantum Sensor SKP 
215, Skye Instruments Ltd., Powys, UK) at plant level varied between 870 and 
250 µmol PAR m−2 s−1.  
Treatments were arranged as a factorial set-up with complete random design and 
with three replications. In this study, drought stress (four levels) and species (3) 
were treatments. In total, 3 × 12 almond plants were used.  
6.2.2. Water and Osmotic Potential Measurements 
Leaf water (Ψl) and osmotic (Ψπ) potential were measured weekly during the first 
and second week after reaching the final drought stress level.  
Pre-dawn measurements were performed on the eighth leaf counting from the top, 
representing a fully expanded leaf. Only undamaged leaves were selected. For 
each species three leaves were sampled both weeks. Selected leaves were 
wrapped in aluminium foil and immediately transferred to a refrigerator. Water 
potential of leaf disks (0.25 cm2) was determined as soon as possible after 
sampling by use of a thermocouple psychrometer (Wescor, Logan, Utah) following 
Chazen et al. (1995). For the determination of leaf osmotic potential, leaf disks 
were wrapped in aluminium foil and frozen (−18 °C) in order to collapse the cell 
wall and the semi-permeable membranes. After thawing, leaf osmotic potential was 
determined on these leaf disks using the same thermocouple psychrometer as 
used for leaf water potential determination.  
Measurements were conducted following a fixed order by species (P. dulcis, P. 
lycioides and P. scoparia) and treatment (Ψs = −0.1, −0.6, −1.2 and −1.8 MPa), 
respectively.  
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6.2.3.  Photosynthesis Measurements 
Photosynthetic gas exchange was measured weekly during the first and second 
week after reaching the final drought stress level, and during each of the three 
weeks of the recovery period. Net photosynthesis rate or net assimilation rate (A in 
µmol CO2 m-2 s-1) was measured at fixed CO2 concentration (Ca at 400 µmol mol-1), 
air temperature (32 ºC) and relative humidity (60 %). Higgins et al. (1992) found 
that net photosynthesis rate in almond was basically independent of leaf 
temperature in the range between 20 and 35 °C (see their Figure 6.2). 
Photosynthetic light response was measured at different light intensities starting 
with the highest intensity (2000, 1600, 1200, 1000, 750, 500, 250, 100, 50, 25, 0 
µmol PAR m-2 s-1) using a portable IRGA (Infra Red Gas Analyser) instrument 
(LI6400, LI-COR, Lincoln, Nebraska). Besides net photosynthesis rate the gas 
exchange instrument also provided data about the stomatal conductance for water 
vapour (gs in mol H2O m-2 s-1) and intercellular CO2 concentration (Ci in µmol CO2 
mol-1 air). 
Following Mediavilla et al. (2002), A/gs ratio was taken as an estimate of intrinsic 
water use efficiency.   
Measurements were performed on the eighth leaf counting from the top, 
representing a fully expanded leaf. Only undamaged leaves were selected. Each 
week, measurements were conducted during two consecutive days from 10 a.m. till 
3 p.m. Plants were measured following a fixed order by species (P. dulcis, P. 
lycioides and P. scoparia) and treatment (Ψs = -0.1, -0.6, -1.2 and -1.8 MPa), 
respectively. 
Leaf dimensions (length, width), of the 6th till 11th leaf counting from the top, were 
measured with a ruler, at the onset of the experiment. 
At the end of the experiment, so after the third recovery week, all leaves were 
harvested. Leaf area per plant was determined by means of a planimeter (Li-3000, 
LI-COR, Lincoln, Nebraska). 
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6.2.4. Statistical Analysis 
Photosynthetic parameters of each plant were obtained after fitting the light 
response data obtained from an individual plant to the following equation 
describing the light response curve of photosynthesis (Drake and Read 1981): 
 
( )
( ) cc
cc
IIA
IIA
A α
α
−+
−=
max
max    (Eq. 1) 
 
where A and Amax are respectively net photosynthesis or assimilation rate, and 
maximal net photosynthesis rate (both expressed in µmol CO2 m-2 s-1), αc is 
quantum efficiency (µmol CO2 µmol-1 PAR), I is light intensity and Ic is the light 
compensation point (both expressed in µmol PAR m-2 s-1). Light response curves 
were fitted by Sigma-Plot 7.101. 
Dark respiration rate Rd (µmol CO2 m-2 s-1) was calculated from the relationship 
describing the light-limited part of the photosynthesis light response curve, 
characterised by its linear response to increasing PAR intensities: 
 
dc RIA −= α    (Eq. 2) 
 
for I = Ic, A equals zero, and consequently Rd  equals αc.Ic 
After deriving individual plant parameters, mean photosynthetic parameters for 
each drought stress level and each species were calculated. These mean data 
were statistically analysed using a factorial design by SPSS 11.0 (SPSS Inc.), and 
mean results were compared by LSD test at 5% significance level. 
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6.3. Results 
6.3.1. Leaf Abscission 
Mean dark respiration rate Rd and maximal gross assimilation rate Amax are 
presented in Table 6.1 and Table 6.2, respectively. Besides mean values, 
significant differences for a specific treatment during the course of the experiment 
are presented in Table 6.1, whereas Table 6.2 shows significant differences 
between different stress treatments and between species.  
The only species which did not shed all its leaves, or for which not all leaves were 
at least partly wilted, during the entire experiment (i.e. drought stress and recovery 
period), and for all DS levels applied, was P. dulcis. Leaves of both other species 
partly wilted or were even completely lost at all three DS levels, but the timing and 
the duration of leaf shedding differed (see Table 6.1 and Table 6.2).  
For all DS levels, not all leaves of P. lycioides were partly wilted after 2 weeks at 
full drought stress. Leaves were mainly lost, but not shedded leaves were at least 
partly wilted at recovery week 1 (RW1) for DS3, while all leaves were at least partly  
wilted at RW2 for DS1 and DS2. During RW3 and for all DS levels, plants started 
developing new leaves. With P. scoparia, leaves were mainly lost, and at least 
partly wilted, by stress week 2 (SW2) for DS3, whereas for DS2 a similar leaf 
condition situation was observed by RW1. By the end of RW2, and for all drought 
stress levels applied, leaves had been completely lost. In none of the treatments, 
P. scoparia plants recovered during the time of the experiment, i.e. they remained 
leafless until the end of RW3. Recovery after this period could not be observed, as 
all plants were harvested destructively at the end of the experiment, i.e. at the end 
of RW3.  
6.3.2. Dark Respiration Rate and Maximal Net Assimilation Rate 
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In Figure 6.1, it is shown that, for all species considered in this experiment, and for 
all treatments, Rd and Amax are significantly (P < 0.01) linearly related. This means 
that an increase in assimilation rate seems to be accompanied by an increase in 
respiration rate.  
 
Table 6.1: Mean values of dark respiration rate Rd and maximal net assimilation rate Amax, both 
expressed in µmol CO2 m−2 s−1, for each of the three different species involved in this experiment. 
Each mean value is calculated from three replications. Different letters denote statistically 
differences at the 5% level between the different experimental weeks, for a certain drought stress 
level and species. CT, DS1, DS2 and DS3 indicate the different applied drought stress levels, with an 
osmotic potential of the nutrient solution of −0.1, −0.6, −1.2 and −1.8 MPa, respectively; SW: stress 
week; RW: recovery week; CL: complete loss of leaves; MLPW: main loss of leaves and remaining 
leaves at least partly wilted. See text for more explanation 
Rd  Amax Treatment 
CT DS1 DS2 DS3  CT DS1 DS2 DS3 
P. dulcis 
SW1 2.56a 1.49a 1.24a 1.05ab  20.92ab 12.29b 12.84a 2.89a 
SW2 2.55a 1.38a 1.29a 0.66a  18.29a 9.41 ab 8.81a 2.18a 
RW1 2.91a 1.17a 1.60a 0.58a  16.28a 4.84a 9.21a 1.08a 
RW2 2.53a 0.77a 1.07a 1.56 b  26.38 b 3.54a 6.50a 9.31b 
RW3 2.16a 1.65a 1.74a 1.18ab  19.51 ab 9.24b 11.11a 8.05b 
 
P. lycioides 
SW1 2.68a 1.23a 1.22a 2.88a  27.93a 14.06a 9.12a 14.30ab 
SW2 2.54a 1.75a 1.42 ab 1.84a  26.36a 18.19a 6.22a 4.84a 
RW1 3.30a 1.10a 1.48ab MLPW  25.26a 9.17a 16.86ab MLPW 
RW2 2.74a MLPW MLPW MLPW  23.13a MLPW MLPW MLPW 
RW3 2.63a 2.19a 2.36 b 2.63a  23.48a 16.70a 22.86 b 22.07 b 
 
P. scoparia 
SW1 3.47a 1.46a 1.09a 0.65  31.57a 9.09a 12.68b 1.77 
SW2 3.68a 2.17b 0.33a MLPW  25.41a 15.57b 2.47a MLPW 
RW1 3.75a 1.83ab MLPW MLPW  28.50a 10.49a MLPW MLPW 
RW2 2.58a CL CL CL  26.15a CL CL CL 
RW3 3.07a CL CL CL  22.08a CL CL CL 
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Table 6.2: Mean values of dark respiration rate Rd and maximal net assimilation rate Amax, both 
expressed in µmol CO2 m−2 s−1, for each of the three different species involved in this experiment. 
Each mean value is calculated from three replications. Different letters denote statistically 
differences at the 5% level. The first letter(s) denotes statistically differences between the different 
drought stress levels for a certain species during a certain experimental week. The second letter(s) 
denotes statistically differences between species for a certain drought stress level during a certain 
experimental week. CT, DS1, DS2 and DS3 indicate the different applied drought stress levels, with 
an osmotic potential of the nutrient solution of −0.1, −0.6, −1.2 and −1.8 MPa, respectively; SW: 
stress week; RW: recovery week; CL: complete loss of leaves; MLPW: main loss of leaves and 
remaining leaves at least partly wilted. See text for more explanation 
Rd  Amax  
P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia
SW1 
CT 2.56b,a 2.68ab,a 3.47b,b  20.92b,a 27.93b,a 31.57b,a 
DS1 1.49a,a 1.23a,a 1.46a,a  12.29ab,a 14.06ab,a 9.09a,a 
DS2 1.24a,a 1.22a,a 1.09a,a  12.84b,a 9.12a,a 12.68a,a 
DS3 1.05a,a 2.88b,b 0.65a,a  2.89a,a 14.30ab,a 1.77a,a 
 
SW2 
CT 2.55c,a 2.54a,a 3.68b,a  18.29b,a 26.36b,b 25.41c,ab 
DS1 1.38b,a 1.75a,a 2.17b,a  9.41a,a 18.19ab,a 15.57b,a 
DS2 1.29b,b 1.42a,b 0.33a,a  8.81a,a 6.22a,a 2.47a,a 
DS3 0.66a,a 1.84a,b MLPW  2.18a,a 4.84a,b MLPW 
 
RW1 
CT 2.91b,a 3.30b,a 3.75b,a  16.28c,a 25.26b,b 28.50b,b 
DS1 1.17a,a 1.10a,a 1.83a,b  4.84ab,a 9.17a,ab 10.49a,b 
DS2 1.60a,a 1.48a,a MLPW  9.22b,a 16.86ab,a MLPW 
DS3 0.58a,a MLPW MLPW  1.08a,a MLPW MLPW 
 
RW2 
CT 2.53b,a 2.74a,a 2.58a,a  26.38c,a 23.13a,a 26.15a,a 
DS1 0.77a,a MLPW CL  3.54a,a MLPW CL 
DS2 1.07a,a MLPW CL  6.50ab,a MLPW CL 
DS3 1.56a,a MLPW CL  9.31b,a MLPW CL 
 
RW3 
CT 2.16a,a 2.63a,ab 3.07a,b  19.51b,a 23.48b,a 22.08a,a 
DS1 1.65a,a 2.19a,a CL  9.24a,a 16.70a,b CL 
DS2 1.74a,a 2.36a,a CL  11.11a,a 22.86b,b CL 
DS3 1.18a,a 2.63a,b CL  8.05a,a 22.07b,b CL 
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For P. dulcis, Rd values for control (CT), DS1 and DS2 treatments did not change 
significantly during the course of the experiment. For DS3, Rd significantly 
increased during RW2 (Table 6.1), whereas the recovery process was also 
accompanied in the same week by a significant increase in Amax. For all weeks, 
except for RW3, Rd values measured for the control treatment were significantly 
higher than those of the drought stress treatments. Also, Amax values were 
consistently highest for CT compared to those of the three drought stress levels 
obtained at any moment in time. Maximum reduction values, i.e. difference 
between control treatment values and those obtained for each of the treatments, 
for DS1, DS2 and DS3 were 70, 58 and 80%, respectively, for Rd, whereas for Amax 
they were 87, 75 and 93%, respectively. Values of Rd between the different drought 
stress levels were not statistically different, except for DS3 during SW1.  
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Figure 6.1: Relationship between maximal net photosynthesis rate (Amax) and dark respiration rate 
(Rd) for the three considered species and for all treatments. Each symbol represents a value as 
given in Table 6.1 and Table 6.2. The line represents the following linear relationship: 
Amax = 8.65Rd − 1.96; r2 = 0.79; n = 46; P < 0.01  
 
For all drought stress levels, Rd values of P. lycioides during RW3 were statistically 
similar to those observed for the CT. Maximal reduction values for DS1, DS2 and 
DS3 compared to CT values of P. lycioides were 67, 34 and 28%, respectively, for 
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Rd, whereas for Amax these values were 64, 76 and 82%, respectively. Decreasing 
Rd reduction values with increasing drought stress levels is in remarkable contrast 
with what was expected and was observed for both other species in this 
experiment.  
Dark respiration values for CT were not statistically different between P. dulcis and 
P. lycioides (Table 6.2). Also, Rd values during RW3 were not statistically different 
for both species, except for DS3. For all stress levels, respiration values for P. 
lycioides were higher than those of P. dulcis.  
The higher the DS level, the smaller Rd value became for P. scoparia (Table 6.1) 
as also assimilation rate decreased. Rd values differed significantly for all DS levels 
when compared to CT. Maximal reduction values for DS1, DS2 and DS3 compared 
to CT of P. scoparia were 58, 91 and 81%, respectively, for Rd, whereas for Amax 
they were 71, 90 and 94%, respectively.  
Only during SW1, did dark respiration values for P. scoparia differ statistically 
(Table 6.2) from those for both other species. Generally speaking, this species had 
a higher Rd compared to both other species.  
During SW1, Amax values for a certain drought stress level (control level included) 
did not differ significantly between the three different species. At the end of the 
experiment, i.e. during RW3, Amax values for CT were not statistically different 
between species. However, they were statistically different for all stress levels, with 
the highest values consistently occurring with P. lycioides. For P. scoparia, 
however, foliage assimilation rates could not be determined at RW3, as there was a 
complete absence of leaves at that moment.  
During the whole experimental period, Amax of P. dulcis was largest for plants 
growing in control conditions, whereas during stress conditions values were lowest 
for DS3. For CT, Amax increased significantly during RW2 and returned to more 
normal values the next week. There was no explanation found for this behaviour. 
After a gradual decrease of assimilation rates after the start of the experiment, 
lowest Amax values for DS1 and DS2 were measured during RW2, thus more than a 
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week after having stopped the drought stress treatment. For DS3, a different 
pattern was observed. Already during SW1, Amax values were seriously reduced 
(±86% lower than CT values), but stress recovery was maximal during RW2. During 
SW1, Amax of CT was only significantly different with DS3's value, while from SW2 till 
the end of the experiment, CT values were significantly different for all stress 
levels.  
For P. lycioides, the values of Amax for CT did not significantly change during the 
experiment. From SW1 onwards Amax values for all stress levels were almost half or 
less the values observed for CT. As mentioned before, this species lost the 
majority of its leaves, with remaining leaves being at least partly wilted for all three 
stress levels. Just before wilting and subsequent leaf abscission set in (during 
SW2), Amax values of DS3 P. lycioides plants had decreased to 18% of CT values. 
At RW3, all plants had recovered by the formation of new leaves. Amax value during 
RW3 was only significantly lower for DS1 compared to the CT value, whereas the 
values for DS2 and DS3 were statistically similar to those of CT.  
Similarly, for P. scoparia, Amax values for CT did not change during the course of 
the experiment. Already during SW1, values for all stress levels differed 
significantly from those of CT, with Amax value of DS3 only being 6% of the CT 
value. For DS2, Amax decreased to 10% of the CT value during SW2. In contrast to 
both other species, all plants from all stress levels had lost all their leaves at RW2. 
P. scoparia plants had not recovered before the end of the experimental period by 
the formation of new leaves. Major leaf abscission or at least partly wilting of the 
remaining leaves occurred during SW2 for DS3, and RW1 for DS2. By RW2, and for 
all drought stress levels, all leaves had been shed.  
6.3.3. Net Assimilation Rates, Stomatal Conductance and 
Intercellular co2 Concentration as Affected by Drought Stress 
During the whole stress period's duration, i.e. during SW1 and SW2, mean net 
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assimilation rate, A, decreased for the more severe drought stress levels for P. 
dulcis and P. scoparia. For P. lycioides, CT A value was significantly higher than A 
values for the three drought stress levels, which all had values around 
10 µmol m−2 s−1 (Figure 6.2, upper panel). A similar trend was observed for gs, the 
stomatal conductance for water vapour. However, on a relative basis, stress effect 
reduction as expressed by gs, was higher for all species considered, except for P. 
scoparia (Figure 6.2, upper and middle panel), compared to stress effect reduction 
as expressed by A.  
Although A and gs clearly decreased as a response to increasing drought stress 
(Figure 6.2, upper and middle panel), intercellular CO2 concentration Ci decreased 
only slightly for P. dulcis (Figure 6.2, lower panel). For P. scoparia, Ci increased 
significantly compared to DS1 values for DS2 and DS3, whereas DS2 Ci value for P. 
lycioides also was significantly higher when compared to CT (and DS1 and DS3 
values). The Ci of both these species only decreased sharply for DS1.  
6.3.4. Leaf Dimensions and Intrinsic Water Use Efficiency 
Mean length and width of fully expanded leaves of the three investigated species 
are shown in Table 6.3. Leaf size differs significantly (P < 0.05) between all three 
species, with the largest and smallest leaves for P. dulcis and P. scoparia, 
respectively.  
Intrinsic water use efficiency (A/gs) increased with increasing drought stress for P. 
dulcis (Figure 6.3), as both A and gs decreased at increasing drought stress 
(Figure 6.2). For both other almond species, P. lycioides and P. scoparia, WUE 
was highest at DS1 (Figure 6.3). For all species, WUE was lowest at CT.  
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Figure 6.2: Osmotic potential of the nutrient solution (Ψs) in relation to: (upper panel) net 
assimilation rate A; (middle panel) stomatal conductance gs; and (lower panel) intercellular CO2 
concentration Ci. Each value is the mean of 18 measurements; error bars indicate the standard 
error of the mean. Only values measured during stress treatment (SW1 and SW2) before the 
subsequent recovery period, and measured at PAR intensities above 1000 µmol m−2 s−1 were 
considered. Different letters denote statistically differences at the 5% level. The letters in the upper 
line denote statistically differences between species for a certain drought stress level. The letters in 
the second line denote statistically differences between the different drought stress levels for a 
certain species 
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Table 6.3: Length and width (both expressed in cm) of fully expanded leaves (leaf numbers 8–12 
starting from the top) for the three investigated almond species. Mean values are given with one 
standard error of the mean. Different letters denote statistically differences between species. 
Minimal number of replications is 10 
 Species Length Width 
P. dulcis 6.72 ± 0.30a 2.30 ± 0.07a 
P. lycioides 3.56 ± 0.10b 1.30 ± 0.06b 
P. scoparia 2.69 ± 0.07c 0.74 ± 0.05c 
6.3.5. Net Assimilation Rates and Internal CO2 Concentration in 
Relation to Stomatal Conductance 
Although, as mentioned before, the decrease in gs at more severe drought stress 
levels was more pronounced than the decrease observed for A (Figure 6.2, upper 
and middle panel), we often observed a similar response pattern of A and gs to 
drought stress, resulting in a high correlation between A and gs (Figure 6.4 and 
Table 6.5). At lower conductances, roughly below 0.4 mol H2O m−2 s−1, the 
response of the three species was comparable. At higher values, P. scoparia 
response differed from those of both other species, i.e. a similar increase in gs 
yielded the highest increase in A for P. scoparia.  
 
Table 6.4: Characteristics of the regression equations describing the relationship between gs 
(mol H2O m−2 s−1) and A (µmol CO2 m−2 s−1) and shown in Figure 5.4.  
The following equation was used following Romero et al. (2004b): A=a(1−e−bgs), with a and b 
parameters. For all equations P < 0.0001 
Species a b r2 n 
P. dulcis 19.07 3.60 0.81 171
P. lycioides 21.61 3.85 0.78 140
P. scoparia 31.24 2.10 0.80 91 
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Figure 6.3: Intrinsic water use efficiency (WUE) in relation to the osmotic potential of the nutrient 
solution (Ψs). Each value is the mean of 18 measurements; error bars indicate the standard error of 
the mean. Only values during the stress treatment (SW1 and SW2) before the subsequent recovery 
period, and measured at PAR intensities above 1000 µmol m−2 s−1 were considered. Different letters 
denote statistically differences at the 5% level. The letters in the upper line denote statistically 
differences between species for a certain drought stress level. The letters in the second line denote 
statistically differences between the different drought stress levels for a certain species 
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Figure 6.4: Relationship between net photosynthesis (A) and stomatal conductance (gs). Each 
symbol is a single measurement for PAR intensities above 1000 µmol m−2 s−1. Regression lines are 
fitted to the data. The equations of these relationships are given in Table 6.4 
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Figure 6.5: Changing ratios of Ci/Ca as a function of stomatal conductance (gs) for P. dulcis (upper 
panel), P. lycioides (middle panel) and P. scoparia (lower panel). The lines represent the 
relationship between gs and Ci/Ca under conditions in which gs was the primary factor controlling 
decreasing photosynthesis (following Brodribb, 1996). These lines have been extended only to the 
gs values at which Ci/Ca was minimal. Only values taken during the stress treatment before the 
subsequent recovery period, and measured at PAR intensities above 1000 µmol m−2 s−1 were 
considered 
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6.4. Discussion 
In this discussion, classification of drought tolerant and resistant plants follows the 
typology presented by Levitt (1980).  
The three almond species that were investigated in this study showed a clear 
difference in their response to the different drought stress levels applied. Total leaf 
abscission, which is a feature that drastically reduces transpirational water losses, 
was observed for P. scoparia. For this species, leaf abscission occurred earlier and 
lasted longer when the stress level applied was more severe (Table 6.2 and Table 
6.3). For P. lycioides the majority of leaves was lost during RW1 and RW2, 
depending on the drought stress level, whereas the remaining leaves were at least 
partly wilted, making it impossible to measure any photosynthetic activity. Leaf 
abscission also occurred in P. dulcis, but only partially, and the plant kept healthy, 
physiologically active leaves. Romero et al. (2004b) mention that leaf abscission is 
commonly observed in different almond species, and can be considered as a 
drought resistance mechanism, see e.g. E-Sharkawi and El-Monayeri (1976) and 
Goldhamer and Viveros (2000). Leaf abscission was most pronounced in P. 
scoparia, as leaves were completely lost and no new leaves were formed before 
the end of the experiment, in contrast to what happened with P. lycioides. 
Torrecillas et al. (1996) pointed out that recovery response is probably related to 
the extent of drought stress imposed. However, in our experiment a similar stress 
level initiated totally different stress reactions in the three almond species tested. In 
this regard, and following Levitt (1980), P. dulcis seems to be drought tolerant, 
whereas P. scoparia reacted by drought avoidance with a water saving behaviour, 
while P. lycioides showed an intermediate behaviour.  
This categorisation is supported by the different leaf morphology of the three 
species (Table 6.4). Small leaves are a characteristic for plants growing in dry 
environments (Larcher, 2003). In their natural habitat, P. scoparia, which has the 
smallest leaves of the three species investigated, is growing in the most drought-
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stressed environment, where it also sheds it leaves during periods of drought 
stress. P. dulcis, which has the largest leaves, grows in regions which are less 
subjected to drought stress than the natural habitats of P. scoparia and P. 
lycioides. Although, in contrast to P. dulcis, drought-exposed plants of P. lycioides 
lost the majority of their leaves during the experiment, the plants recovered during 
the third week, and had ‘recovery’ values for Rd and Amax which resembled the 
values obtained on control plants. According to Torrecillas et al. (1996), rapid 
recovery after a stress condition can be related to a greater physiological tolerance 
to drought. Romero et al. (2004b) also mention that a range of responses has been 
found in drought-stressed almonds, ranging from partial recovery (Klein et al., 
2001) to rapid recovery of photosynthetic capacity, and that the response depends 
on the variety.  
P. dulcis showed the largest change in leaf water (Ψl) and osmotic (Ψπ) potential in 
reaction to drought stress (Table 6.1). P. dulcis also had the largest osmotic 
adjustment, being the difference in Ψπ between CT and a certain DS, indicating the 
hydrolabile nature of this species (Larcher, 2003). Hydrolability can be classified as 
a drought tolerance characteristic. The smallest change in Ψl and Ψπ, and the 
smallest osmotic adjustment in reaction to the applied drought stress levels, were 
observed for P. scoparia, indicating a hydrostable nature, typical for drought 
avoiding species. P. lycioides showed an intermediate behaviour for the mentioned 
plant–water status characteristics, compared to both other species. So, the plant–
water status characteristics reported in Table 6.1 support the drought stress 
categorisation of the considered species, based on leaf abscission and leaf 
morphology, as discussed above.  
As mentioned before, in natural conditions, P. scoparia looses its leaves in 
conditions of soil water deficiency, in order to avoid as much as possible the 
negative drought stress impact. During this leafless period, carbon assimilation is 
probably assured by non-foliar photosynthesis, more especially by means of a 
chlorophyllous stem, which enables internal CO2 refixation at stem level, or even 
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real net CO2 uptake from the atmosphere. Visual observations of the stem of P. 
scoparia show a greenish colour, indicating green chlorenchymes (Parenchyma 
cells with chlorophyll) (Larcher, 2003). Non-foliar photosynthesis is often an 
important strategy of additional carbon acquisition (Aschan and Pfanz, 2003), 
especially during stress and leafless periods. Green or slightly green 
chlorenchymes can be observed at different locations within the peripheral bark 
parts of almost all woody plants (Pfanz and Aschan, 2001), including many (sub-
)tropical species (Roth, 1981). A very important feature indispensable for an active 
reductive CO2 assimilation metabolism within bark layers of woody stems is that 
sufficient amounts of photosynthetically active radiation can penetrate the bark's 
surface. Normally, light penetration is drastically reduced with advancing twig or 
branch segment age (Pfanz and Aschan, 2001). In this research, young P. 
scoparia trees had green stems so that photosynthesis could continue in the 
absence of leaves. In natural conditions, leaf abscission has been observed in 
mature P. scoparia trees. The end parts of the stem and branches of these mature 
P. scoparia trees are green, indicating that the carbon balance of this species 
could depend on woody stem photosynthesis.  
Mean maximal assimilation rate of plants not exposed to drought stress was 
always higher than 16, 23 and 22 µmol CO2 m−2 s−1, respectively, for P. dulcis, P. 
lycioides and P. scoparia (Table 6.2 and Table 6.3). It was highest for P. scoparia 
and lowest for P. dulcis (Figure 6.2). The higher photosynthetic activity of P. 
scoparia is not surprising as Mooney (1980) mentions that in plants which are able 
to survive very harsh and arid conditions, photosynthetic leaf activity is inversely 
related to the leaf's life span. The assimilation rates observed in this study (Table 
6.2 and Table 6.3) correspond to, but are somewhat higher than, the values 
reported in literature. Based on a 2-year field experiment in Spain, Romero et al. 
(2004b) reported assimilation values for mature P. dulcis plants; these values are 
up to 14 µmol CO2 m−2 s−1, which is comparable to the net assimilation value of 
15.5 µmol CO2 m−2 s−1 reported by Marsal et al. (1997) for P. dulcis in non-stressed 
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conditions. De Herralde et al. (2003) measured leaf photosynthesis in eight almond 
tree (P. amygdalus) cultivars, and they found that maximal net assimilation rate 
varied between 14.8 and 20.3 µmol CO2 m−2 s−1 on 1.5-year-old trees. In a 
comparative gas exchange experiment, Higgins et al. (1992) measured light-
saturated photosynthetic rates larger than 20 µmol CO2 m−2 s−1 for potted 
glasshouse-grown almonds (P. amygdalus). De Herralde et al. (2003) also 
mentioned that almond has higher net assimilation rates than those described for 
other fruit trees, such as cherry, peach, plum, apricot, apple, citrus, hazelnut or 
walnut trees. Higgins et al. (1992), mentioned that assimilation values for grape 
were comparable to those of almond, but higher than those of apple, fig, olive, 
peach and Asian pear. These authors also reported that almond had the highest Rd 
rate, when measurements were done in a temperature range of 10 and 50 °C, 
amounting to 3.03 µmol CO2 m−2 s−1 which is at the upper limit of the values 
measured in this experiment. Taking a similar species, measured in similar 
conditions as our own, assimilation values measured in our experiment are higher 
than those reported for pistachia (Ranjbarfardooei et al., 2000 and Ranjbarfardooei 
et al., 2002).  
The relationship between Rd and Amax presented in Figure 6.1 can be explained by 
an economic carbon budget optimisation at the plant's level. The larger the amount 
of carbon fixed by photosynthesis, the more assimilates are available for 
maintenance and growth and the less the plant should care about its carbon 
expenditure or internal CO2 recycling. Opposed to this, and when carbon fixation is 
low or reduced by, e.g. drought stress as is the case here, the plant should use all 
available carbon as economically as possible, in order to maintain a positive net 
CO2 budget. As can be seen from Figure 6.1, the observed relationship indicates 
that optimisation of the carbon budget is a general characteristic of the three 
species investigated independent by the sensitivity of the species to drought 
stress.  
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From Table 6.2 and Table 6.3, it can also be seen that P. scoparia shows the 
largest reduction in both Rd and Amax as a consequence of the drought stress 
imposed, whereas P. dulcis and P. lycioides show a more comparable and lesser 
reduction. The almond species selected in this research clearly show a different 
behaviour. P. scoparia can be categorised as a labile species with regard to its 
carbon assimilation, with the highest assimilation values in control conditions and a 
very quick and large depression as a reaction to drought stress. Moreover, for gs 
the largest change was observed for P. scoparia (Figure 6.2 and Figure 6.5), which 
is not surprising as A and gs are closely linked (Figure 6.4), and plants will at first 
try to avoid drought by closing their stomata. On the other hand, P. dulcis shows 
the lowest variation in assimilation rates for the different drought stress levels, and 
seems to have the most stable assimilation behaviour. P. lycioides seems to 
compensate leaf wilting and shedding, as reaction to drought stress, by having 
high assimilation rates once drought stress disappears. This observation is in 
agreement with the findings of Heilmeier et al. (2002) who stated that almond trees 
(P. dulcis) maximise their carbon gain for a given amount of available water by 
phenological processes, such as high growth rate during periods of low 
evaporative demand of the atmosphere. According to Higgins et al. (1992), species 
having high rates of carbon uptake when conditions are favourable, and which 
rapidly decrease these rates when drought stress sets in and develops, can be 
categorised as opportunistic. According to this definition, P. scoparia and P. 
lycioides can be categorised as opportunistic whereas P. dulcis can be categorised 
as more conservative. Following the typology of Levitt (1980) for drought 
resistance, the phenological adaptations of P. scoparia, and less of P. lycioides, 
can be considered as an escape mechanism.  
Maximal reductions in Amax for all species were observed for DS3 (Table 6.2 and 
Table 6.3). When we compare the values obtained with CT values, reductions 
amounted to 93, 82 and 94% for P. dulcis, P. lycioides and P. scoparia, 
respectively. These reduction values are higher than those generally reported in 
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literature. For mature almond trees (P. dulcis) grown in a commercial plantation in 
Spain, maximal reduction observed was 75% being measured at the lowest pre-
dawn water potential of −2.52 MPa (Romero et al., 2004a,b). The latter value is 
more negative than the most severe drought stress level applied in this experiment, 
i.e. −1.8 MPa. Maximal reductions in Amax value corresponding to both other 
drought stress levels are only somewhat lower than the values just mentioned for 
DS3.  
Maximal reductions in Rd were 80, 54 and 91% for P. dulcis, P. lycioides and P. 
scoparia, respectively. For both P. dulcis and P. scoparia, reductions in Rd and 
Amax are comparable and very severe. Compared to both other species, reductions 
for P. lycioides are lower, and relative reduction observed for Rd was less than the 
one observed for Amax. A possible explanation for the higher maximal reductions 
observed in this research compared to those mentioned in literature, is the way 
drought stress was applied. Whereas in other experiments, drought stress is more 
gradually built up in (semi-)natural conditions, stress in our experiment was applied 
rather quickly in non-natural greenhouse conditions, at a rate of −0.043, −0.083 
and −0.129 MPa day−1 during 2 weeks for, respectively, DS1, DS2 and DS3.  
Depending on species and drought severity, the largest reductions in 
photosynthesis may actually come from leaf area reductions, due to leaf shedding, 
or by a delay in leaf growth and development (Jones, 1992). Taking into account 
mean leaf area of the plants at the end of RW3, light-saturated mean assimilation 
rates for plants growing at DS3 were 0.74 and 0.12 µmol CO2 plant−1 s−1, while Amax 
values were 8.05 and 22.07 µmol CO2 m−2 s−1 (Table 6.2 and Table 6.3), for P. 
dulcis and P. lycioides, respectively.  
The gradual decrease in A and gs with increasing drought stress (Figure 6.2), even 
at low drought stress levels, is a characteristic response of drought-adapted plants 
as has often been documented in almond species, e.g. P. dulcis (Romero et al., 
2004b), and other species subjected to drought stress (e.g. Mediavilla et al., 2002). 
A close relationship between A and gs, as observed in this study (Figure 6.4 and 
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Table 6.5) (r2 > 0.78), has also been documented for mature almond trees (e.g. 
Romero et al., 2004b), and for other plant species as, e.g. grapevines (Escalona et 
al., 1999). According to Chaves (1991), this close relationship between A and gs, is 
also a common feature of drought-adapted species.  
For P. dulcis, reductions in A and gs were accompanied by reductions in Ci (Figure 
6.2). This would indicate that for this species stomatal conductance is the 
dominating factor which limits assimilation, irrespective of any metabolic 
impairment (Flexas and Medrano, 2002). Reductions in A and gs, and the relatively 
high Ci values at DS2 and DS3 compared to DS1, for P. lycioides (Figure 6.2), 
suggest that decreased CO2 availability at mesophyll level caused by stomatal 
closure, was not the principal cause of decreased assimilation at DS2 and DS3. For 
P. scoparia, a significant increase in Ci was observed at DS2 and DS3 (lower panel 
of Figure 6.2) compared to DS1. According to Ramanjulu et al. (1998) and Kicheva 
et al. (1994) this increase in Ci indicates a decreased carboxylation efficiency. This 
would mean that at these drought stress levels, non-stomatal limitations prevailed 
for P. scoparia and P. lycioides. However, also for P. dulcis, Ci remained somewhat 
higher than one would expect according to the decrease in A and gs; this might 
indicate a decreased carboxylation efficiency, which however does not prevail over 
stomatal limitations.  
Stomatal limitations are often thought to be the short-term response to drought 
stress, whereas non-stomatal effects are usually considered to be more important 
during longer and more severe drought stress events. However, many researchers 
have found that even in the short term, depression of photosynthesis cannot be 
attributed solely to stomatal limitations alone (Ni and Pallardy, 1992, Ramanjulu et 
al., 1998 and Yordanov et al., 2000). The relative importance of stomatal versus 
non-stomatal limitations seems to depend both on the severity and duration of the 
stress event and on the drought resistance of the species or genotype, with non-
stomatal limitations generally being less important for plants with greater drought 
resistance or during milder stresses (Ramanjulu et al., 1998).  
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The relation between Ci/Ca and gs illustrated in Figure 6.5 follows a characteristic 
biphasic response pattern, with an initial stomatal control phase resulting in a 
substantial reduction in Ci as gs decreases (Brodribb, 1996). As gs reached lower 
levels, a strong non-stomatal limitation phase was observed, causing Ci to increase 
as gs approached a minimum. From these graphs, a (Ci/Ca)min value was derived 
following Brodribb (1996). The curves in Figure 6.5 represent the expected 
response if decreasing A was a pure function of gs (insignificant non-stomatal 
component). The late divergence from these curves as gs decreased, for all three 
species, would typically be interpreted as evidencing an increase in non-stomatal 
limitation during late drought stages (Brodribb, 1996). Non-stomatal factors did 
become important when plants experienced drought stress beyond (Ci/Ca)min, 
producing a sharp increase in Ci/Ca as gs approached zero. This increase was 
sharpest for P. scoparia. So, the relationship shown in Figure 6.5 confirms that for 
P. scoparia non-stomatal limitation became very important at more severe drought 
stress levels, as was discussed above, and which was probably due to a seriously 
decreased carboxylation efficiency. This observation and interpretation, of non-
stomatal limitation of photosynthesis, is supported by the loss of leaves which was 
completed during RW2. Brodribb (1996) mentioned that Ci/Ca is inversely 
proportional to the intrinsic water use efficiency (A/gs) (see Figure 6.3). Hence, 
(Ci/Ca)min−1 should represent the maximum water use efficiency attainable during 
drought. Related to our results for (Ci/Ca)min this would mean that P. dulcis would 
have the highest water use efficiency, whereas P. lycioides and P. scoparia show 
lower efficiencies, which seems to be confirmed by the data presented in Figure 
6.3, but only for the highest drought stress level. The point at which Ci starts to 
increase can also be called the Ci inflexion point (Flexas and Medrano, 2002). 
These authors mention that in most cases, the Ci inflexion point occurs at gs values 
of 0.05 mol H2O m−2 s−1, which is in agreement with our findings.  
As observed by Brodribb (1996) for two broad-leaved angiosperm species, and 
confirmed by many other studies, the three species in this study exhibited relatively 
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constant Ci/Ca values during drought (Figure 6.5). This type of response has 
classically been interpreted as evidencing a gradual increase in non-stomatal 
limitation of photosynthesis during drought.  
The slope of the relationship presented in Figure 6.4 represents the ratio A/gs or 
the intrinsic water use efficiency. This relationship suggests that at lower gs values 
WUE increases, which is indeed observed for P. dulcis (Figure 6.3), taking into 
account decreasing gs at higher drought stress levels (Figure 6.2). For P. scoparia, 
gs also has a tendency to decrease at more severe drought stress levels, but this 
decrease in gs is not reflected in an increasing WUE. The latter can be explained 
by non-stomatal limitations becoming the most important limitation for the 
assimilation process at more severe drought stress, as mentioned above.  
It was shown that the three investigated species clearly differed in their response to 
drought. Due to the drought escape mechanism of P. scoparia by leaf shedding, 
this species seems to be less suited as a rootstock. As an alternative for the 
commonly used P. dulcis, P. lycioides would also seem to have some potential as 
rootstock. However, further research is needed to support this statement.  
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Abstract 
Prunus dulcis (Miller) D. Webb (bitter almond) and two wild almond species, P. 
lycioides (Spach) C.K. Schneider and P. scoparia (Spach) C.K. Schneider were 
selected from natural areas in Iran. All three species can be used as rootstock, but 
only P. dulcis is actually used for commercial almond production. Three different 
drought stress levels (water potential of the nutrient solution, Ψs = −0.6, −1.2 and 
−1.8 MPa, respectively), and a control treatment (Ψs = −0.1 MPa), were applied 
during 2 weeks to three almond species, followed by 3 weeks of recovery.  
For all weeks, leaf water potential (Ψl) and leaf osmotic potential (Ψπ) values 
measured for the control were less negative than those of the drought stress 
treatments for P. dulcis. Leaf water potential varied less for P. lycioides compared 
to P. dulcis. However, in DS1, DS2 and DS3 Ψl became less negative from the 
beginning till the end of the experiment except for DS1 and DS2 during SW1. Ψl and 
Ψπ for all species and for all weeks of the experiment decreased with increasing 
drought stress level. Osmotic adjustment increased with increasing drought stress 
for P. lyciodes. For both other almond species osmotic adjustment was highest at 
the second drought stress level.  
Stomatal resistance (rs) was comparable for all three species during the course of 
the experiment. In all species, rs increased with increasing drought stress level 
from control to the second drought stress level.  For P. dulcis and P. scoparia 
stomata were only observed on the abaxial leaf side, whereas for P. lycioides 
stomata were observed at both sides of the leaves. For all drought stress 
treatments, P. lycioides had the lowest stomatal density whereas P. dulcis had the 
highest stomatal density. P. scoparia lost its leaves in all drought stress treatments. 
Chlorophyll a (Chla) and b (Chlb) contents of the leaves were significantly different 
between first drought stress level and both higher drought stress treatments for P. 
dulcis. In control condition the highest Chla and carotenoid concentration was 
observed for P. scoparia, while P. dulcis had the highest Chlb and the lowest 
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carotenoid concentration.   
In conclusion P. dulcis has based on the observed largest osmotic adjustment, and 
earlier closing of the stomata, a hydrolabile nature, and is of the three investigated 
species the most tolerant to drought. P. scoparia had the smallest osmotic 
adjustment, indicating a hydrostable nature of this species, trying to avoid drought. 
For P. lycioides an intermediate behaviour for the mentioned plant water-status 
characteristics was observed compared to both other species.  The conclusions of 
this paper agree with those of a comparable paper classifying the species for their 
drought sensitivity based on gas exchange (Rouhi et al., 2007). Besides P. dulcis, 
also P. lycioides seems to have some potential for use as rootstock for commercial 
almond production.  
 
 
 
 
 
 
 
 
 
Keywords: PEG 6000, water and osmotic potential, osmotic adjustment, 
Pigments, stomatal density and frequency 
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7.1. Introduction 
Almond (Prunus dulcis), like other Mediterranean fruit tree species, is considered 
to be a drought-tolerant species, having some active mechanisms which allow 
some degree of control over water loss under drought stress (Fereres et al., 1981; 
Castel and Fereres, 1982; Torrecillas et al., 1988; Wartinger et al., 1990, Rouhi et 
al., 2007). Fruit trees have different morphological and physiological adaptations 
that allow them to survive drought stress situations (Save et al., 1995; Torrecillas et 
al., 1996; 1999). Rouhi et al. (2007) found important differences between three 
almond species in their ecophysiological behaviour in response to drought. The 
degree of adaptation to drought can indeed vary considerably among species and 
even also within a species (Bahari et al., 1985; Save et al., 1995, Rouhi et al., 
2007). 
Plants that are living in arid and semi-arid regions use different mechanisms, 
including escape, tolerance and avoidance of tissue and cell dehydration, to 
combat drought at leaf level. One of these mechanisms, i. e. drought avoidance, is 
the control of water loss by stomatal closure, increased stomatal and cuticular 
resistance, changes in leaf area, orientation and anatomy, which have been 
identified as a common and early event in plant response to water deficit (Escalona 
et al., 1999, Chaves et al., 2002, Lawlor, 2002, Romero and Boita, 2006). 
Increased stomatal resistance as a plant’s response to drought stress has been 
observed in several plants. As leaf water potential values become more negative, 
stomatal resistance increases (O’Toole and Cruz, 1980). Zamani et al. (2002) 
reported drought stress on almond seedlings increased stomatal resistance. 
Stomatal resistance in some trees such as almond, peach, olive and other trees 
increased with drought stress compared to values obtained under normal irrigation 
(Torrecillas et al., 1996; Giorio et al., 1999; Mahhou et al. 2005; Rouhi et al., 2006). 
Also in some plants, stomata are partly covered with outer epidermis or can even 
be crytoporus such as in Nerium oleander. These adaptations increase the 
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distance over which water vapour has to travel during transpiration. They also 
increase boundary layer resistance and consequently decrease transpiration. In 
some species, stomata lie in grooves that can be covered by scales, raphides 
and/or trichomes (Karschon, 1974; Ehleringer, 1980; Van Damme, 1991). These 
anatomical features restrict water losses, but simultaneously they also reduce daily 
carbon assimilation at leaf level, decreasing in the long-term net carbon gain by the 
whole plant (Romero and Boite, 2006).  
Plants tolerate drought by maintaining sufficient cell turgor to allow their 
metabolism to continue under increasing water deficits. Tolerance to drought stress 
involves at least two mechanisms, osmotic adjustment and changes in the elastic 
properties of the tissues. Osmotic adjustment is generally thought to be the major 
mechanism to maintain cell turgor in many species as water potential decreases, 
enabling water uptake and maintenance of plant metabolic activity, and therefore 
growth and productivity (Turner and Jones, 1980; Hanson and Hitz, 1982; Morgan, 
1984; Parker and Pallardy, 1987; Gunasekera and Berkowitz, 1992). Lowering of 
the osmotic potential of the cells by accumulating solutes is considered to be due 
to osmotic adjustment if the buildup of compounds is not merely the result of tissue 
dehydration (Bray, 1993). Ranjbarfardooei et al. (2002) investigated the effect of 
osmotic stress induced by a combination of salt and polyethylene glycol 6000 on 
the ecophysiological performance of Pistacia khinjuk and P. mutica. They reported 
leaf water and osmotic potential in both species decreased as the osmotic potential 
of the nutrient solution decreased. Torrecillas et al. (1999) observed both predawn 
and midday leaf water potential, net photosynthesis and leaf conductance in 
drought-stressed apricot (Prunus armenica) plants were lower than for unstressed 
plants. Torrecillas et al. (1996) mentioned predawn leaf water potential declined 
progressively due to drought stress effects in Prunus communis. Drought stress 
decreased leaf water potential and increased stomatal resistance of mulberry 
(Morus alba) (Moraceae) cultivars (Ramanjulus et al., 1998). Yakushiji et al. (1998) 
reported that by increasing drought stress up to severe levels, both leaf water 
potential and leaf osmotic potential of fine roots and pericarps significantly 
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decreased in Satsuma mandarin (Citrus unshiu) plants.  
Other ways in which plants can protect physiological activities in response to 
drought are: protective solutes, dessication tolerance enzymes, antioxidants, etc. 
There are many investigators who have discussed the effects of water deficits on 
processes such as photosynthesis, respiration, water status, and other 
physiological processes on plants, e. g. Levitt (1980), Kramer (1983), Blum (1988), 
Turner (1988) and Alscher and Cumming (1990). 
The aim of this study is to compare leaf water relations, stomatal characteristics 
and pigment contents of two wild almonds (P. lycioides and P. scoparia) together 
with the commonly studied P. dulcis Mill. (bitter almond), during drought stress 
buildup and a subsequent recovery period. Different soil drought stress conditions 
representative for natural Iranian conditions were induced by Polyethylene Glycol 
6000 (PEG 6000).  
7.2. Material And Methods 
7.2.1. Plants and Experimental Conditions 
Plants and experimental conditions are similar to those mentioned in § 6.2.1.  
7.2.2. Water and Osmotic Potential Measurements 
Leaf water and osmotic potential were measured weekly during the first and 
second week after reaching the final drought stress level, and during each of the 
three recovery weeks period.  
Measurements were performed on the eighth leaf counting from the top, 
representing a fully expanded leaf. Only undamaged leaves were selected. Each 
week before sunrise one leaf was sampled from each plant (all stressed and non-
stressed plants). Samples were consequently wrapped in aluminium foil and 
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immediately put in a humidified container. Then, the container was transferred to a 
refrigerator. From each leaf, two discs (0.25 cm2) were punched. The first leaf disc 
was directly used for determining water potential with a Peltier thermocouple 
psychrometer using the wet bulb depression method (Spanner, 1951). Calibration 
curves of wet bulb depression were established using filter paper discs saturated 
with different concentrations of sodium chloride. Measurements were done 
following a fixed order by species (P. dulcis, P. lycioides and P. scoparia) and 
treatment (Ψs = -0.1, -0.6, -1.2 and -1.8 MPa), respectively. The second leaf disc 
was wrapped in aluminium foil and frozen (-18 ºC) for one week in order to collapse 
the cell wall and the semi-permeable membranes. After defrosting, leaf osmotic 
potential was determined using the same method as used for leaf water potential 
determination. 
Osmotic adjustment (OA) was calculated as difference in leaf osmotic potential 
between control and stressed plants (Blum and Sullivan, 1986; Blum, 1989).  
7.2.3. Photosynthetic Gas Exchange Measurements 
For a description of the photosynthetic gas exchange measurements, see § 6.2.3. 
Means of maximal net assimilation (Amax,m), dark respiration (Rd,m) and 
transportation (T) are calculated for all stress and recovery weeks.  
7.2.4. Stomatal Resistance 
Leaf stomatal resistance was measured with an automatic diffusion porometer 
(Model AP4, Delta-T Devices, Burwell, Cambridge, England). Before and during 
measurements, standard calibrations were carried out as indicated in the manual 
(Webb, 1990). Calibration was renewed depending on temperature changes (± 2 
ºC). Stomatal resistance was measured weekly during the first and second week 
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after reaching the final drought stress level, and during each of the three recovery 
weeks.  
Measurements were performed on the eighth leaf counting from the top. Each 
week, measurements were conducted during two consecutive days from 11 a.m. till 
3 p.m. Measurements were carried out once for one leaf of each plant per species 
per drought stress and control treatment. Plants were measured following a fixed 
order by species (P. dulcis, P. lycioides and P. scoparia) and treatment (Ψs = -0.1, 
-0.6, -1.2 and -1.8 MPa), respectively. 
7.2.5. Stomatal Density 
Imprints of epidermal cells and stomata of both sides of the leaf were taken from the eighth 
leaf from the top by using colourless nail polish (Deborah 77600, Italy) at the end of the 
second stress week. A thin layer of polish is applied with a small brush onto the leaf 
surface so that it is distributed on a rectangular area of about 1 cm2. A transparent film 
with a replica print of the epidermis and stomata is formed after evaporation of the solvent. 
Shrinkage of the replicas may occur during drying, so that the surface area of the 
replicated structure may be smaller than the original on the leaf. This phenomenon was 
avoided by using adhesive tape to fix the replica on a microscope slide (Elagoz, et al. 
2006; Weyers and Meidner, 1990; Jones, 1992). 
In this study, a fully expanded leaf (both upper and lower sides) of each plant from 
each treatment was used for measurement of stomatal density. Replicas were examined 
under a light microscope (Laborlux S, Leitz, Portugal) with magnification of 40 x 10. To 
facilitate stomatal counting, the image from the microscope was transferred onto a TV 
screen by means of a video camera (JVC TK - 860 E). The number of stomata was 
directly counted on the TV screen and converted to stomatal density (number of stomata 
per mm2) by means of a calibration plate (Graticules LTD England 200 x 0.01= 2 mm). 
The minimum number of microscopic fields needed for determination of stomatal density 
was determined according to the method of Zaid and Hughes (1995). Based on this 
method, for each treatment, the stomata of 96 fields were counted (3 replications in 
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each treatment x 16 areas per imprint x 2 counts per area). 
7.2.6. Pigment Concentration  
The sixth leaf from the top of each plant was collected at the end of the second 
drought stress week. Leaf samples were wrapped in aluminum foil to avoid 
degradation of pigments by light. Samples of 150 mg fresh weight were taken from 
the leaves, and leaves were then pulverized with liquid nitrogen. After extraction by 
80% acetone, the sample were shaken and put in the freezer at -10 ºC for 24 
hours. Pigments were measured using the Lichtenthaler (1987) method by a 
spectrophotometer (Uvikon 930, Kontron Instruments, Milan, Italy) at 1 to 4 nm 
resolution range. The amounts of chlorophyll a (Chla), chlorophyll b (Chlb) and 
carotenoids (Cx+c) (µg ml-1 FW) were calculated according to the following 
equations:  
 
Chla = 12.21 A663 - 2.81 A646                                                                                    (1),                                              
 
Chlb = 20.13 A646 - 5.03 A663                                                                                     (2)  
 
and 
 
Cx+c = (1000 A470 - 1.82 Chla - 85.02 Chlb) / 198                                                   (3), 
 
where, A663, A646 and A470 are absorptions at 663, 646 and 470 nm, respectively. 
After calculation of Chla, Chlb and carotenoids values, total chlorophyll (Chla + Chlb) 
and Chla/Chlb ratio were determined.     
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7.2.7. Statistical Analysis 
 
Leaf water and osmotic potential were obtained from the calibration curve. After 
deriving individual plant parameters, mean water and osmotic potential for each 
drought stress level and each species were calculated.  
Mean leaf and osmotic potential, osmotic adjustment, stomatal resistance and 
density and pigment concentration data were statistically analysed using a factorial 
design by SPSS (version 11). Mean values were compared by a LSD test all 
considered parameters, to look for significant differences at the 1% and 5% level. A 
bivariate Pearson correlation matrix was calculated between all considered 
parameters stomatal resistance (rs), stomatal density (SD), pigments 
concentration, water (Ψl) and osmotic potential (Ψπ) by SPSS.               
7.3. Results 
7.3.1. Leaf Water and Osmotic Potential 
Leaf water (Ψl) and osmotic (Ψπ) potential for all three species and for all 
treatments in this study are significantly (P<0.01) linearly related. This means that 
a decrease in water potential is accompanied by a decrease in osmotic potential 
(Figure 7.1).  
The behaviour of leaf water (Ψl) and osmotic (Ψπ) potential was comparable for the 
three species during the course of the experiment except for RW3. In all species, Ψl 
and Ψπ decreased with increasing drought stress from control to DS2 (Table 7.1).  
Although water potential values of P. dulcis for control (CT) and DS1 treatment did 
not significantly change during the course of the experiment, except between RW2 
and RW3 in CT, Ψl became less negative from the beginning till RW2. For DS2 and 
especially for DS3, Ψl became significantly less negative during recovery weeks 
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except during RW1 at DS1 (Table 7.1). 
For all weeks, Ψl and Ψπ values measured for the control were less negative than 
those of the drought stress treatments for P. dulcis, except for Ψπ for DS1 and DS3 
during RW3 (Table 7.1).  
Leaf water potential varied less for P. lycioides compared to P. dulcis. However, in 
DS1, DS2 and DS3 Ψl became less negative from the beginning till the end of the 
experiment except for DS1 and DS2 during SW1. Ψl values for the control were less 
negative than those of the drought stress treatments except for DS2 and DS3 
during RW3 (Table 7.1). Ψπ values for all drought stress levels did not show any 
significant differences for P. lycioides. For P. lycioides, Ψπ values in all treatments 
were more negative than Ψl (Table 7.1). 
 
P. dulcis
Ψ1(MPa)
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
Ψ Π
 (M
Pa
)
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
P. lycioides
P. scoparia
 
Figure 7.1: Relationship between leaf water (Ψl) and osmotic potential (Ψπ) for the three species 
considered and for all drought treatments. Each symbol represents a value as given in Tables 7.1 
and 7.2; the line represents the following linear relationship: Ψπ = 0.46Ψl − 2.4; r2 = 0.15; n = 54; 
P < 0.01 
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Table 7.1: Mean values of leaf water (Ψl) and osmotic (Ψπ) potential, both expressed in MPa, for 
each of the three different species involved in the drought stress experiment. Each mean value is 
calculated from three replications. Different letters denote statistically significant differences at the 
5% level between the different experimental weeks, for a certain drought stress level and species. 
CT, DS1, DS2 and DS3 indicate different applied drought stress levels, with an osmotic potential of 
the nutrient solution of -0.1, -0.6, -1.2 and -1.8 MPa, respectively; SW: stress week; RW: recovery 
week; CL: complete loss of leaves; underlined data show measurements on remaining leaves which 
are at least partly wilted; see text for more explanation 
Ψl  Ψπ Treatment 
CT DS1 DS2 DS3  CT DS1 DS2 DS3 
P. dulcis 
SW1 -1.60ab -2.35a -3.08ab -3.05a  -2.81a -3.86a -4.50a -3.62ab 
SW2 -1.77ab -2.23a -3.28a -3.09a  -2.58a -2.65b -3.57a -3.23a 
RW1 -1.61ab -2.30a -2.64ab -2.84ab  -2.69b -3.26a -4.03a -3.43ab 
RW2 -1.43a -1.92a -2.56ab -2.54b  -3.03ab -3.73ab -4.13a -4.21b 
RW3 -1.94b -2.18a -2.39b -1.96c  -3.68ab -3.48ab -4.15a -3.46ab 
 
P. lycioides 
SW1 -1.99ad -2.58a -2.10a -2.63ab  -2.89ab -3.37a -3.40a -4.11a 
SW2 -1.74abc -2.10b -2.62b -2.82a  -2.30a -2.89a -3.00a -3.11a 
RW1 -1.59ab -2.10b -2.15a -2.20abc  -3.59b -3.87a -3.25a -4.10a 
RW2 -1.52b -1.77b -1.89a -2.14bc  -3.23b -2.94a -2.79a -3.44a 
RW3 -2.02cd -2.03b -1.97a -1.89c  -3.53b -3.37a -3.07a -3.03a 
 
P. scoparia 
SW1 -2.12a -2.50a -2.94a -2.85a  -3.19a -3.32a -4.19a -3.64a 
SW2 -2.02a -2.51a -2.60a -2.99a  -2.54b -3.38a -3.42b -3.55a 
RW1 -1.94a -2.23a -2.24b -2.86a  -3.38a -4.03a -4.36a -3.98a 
RW2 -1.98a CL CL CL  -3.69a CL CL CL 
RW3 -2.05a CL CL CL  -3.77a CL CL CL 
 
As can be seen in Table 7.1, for P. scoparia Ψl did not show any significant 
differences except between RW1 and both of SW1 and SW2 for DS2. Ψl in CT was 
invariable over the whole length of the experiment. Control Ψl values were less 
negative than those of the drought stress treatments. Ψπ values for all drought 
stress treatments decreased during the weeks of the experiment.  
Ψl and Ψπ for all species and for all weeks of the experiment decreased when 
drought stress level increased except during RW3 when plants were no longer 
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subjected to stress (Table 7.2).  
During SW1 for P. dulcis and P. scoparia, significant differences were observed 
between CT and all drought stress treatments for Ψl values. For Ψπ during SW1 
significant differences were observed between CT and DS2 for both P. dulcis and 
P. scoparia whereas for P. lycioides significant diffrences were observed between 
CT and DS3. Just as for SW1, Ψl during SW2 was significantly different between CT 
and DS3 for all three species. Osmotic potential in all species during SW2 did not 
differ significantly between all drought stress levels except for P. scoparia showing 
significant differences between CT and the other drought stress treatments (Table 
7.2). 
During RW1, significant differences between CT and all three drought stress 
treatments were observed for Ψl of P. dulcis and P. lycioides, whereas Ψπ was only 
significantly different in P. scoparia between CT and DS2. Significant differences in 
Ψl for P. dulcis and P. lycioides were observed between CT and DS2 during RW2, 
whereas significant differences in Ψπ were only observed for P. dulcis between CT 
and both DS2 and DS3. P. scoparia lost its leaves for all three drought stress 
treatments during RW2. Finally, during RW3, P. dulcis and P. lycioides did not show 
any significant differences between drought stress treatments for both Ψl and Ψπ. 
Lost leaves of P. scoparia were not replaced by newly formed.  
Only during SW1 for DS2, Ψl and Ψπ values were significantly different between P. 
lycioides and both P. dulcis and P. scoparia. During RW1, Ψl only showed 
significant differences between P. scoparia and both other species in CT whereas 
for Ψπ significant differences were observed between P. lycioides and both P. 
dulcis and P. scoparia in DS2.   
Osmotic adjustment (OA) increased with increasing drought stress for P. lyciodes 
(Table 7.3). For both other almond species, i.e. P. dulcis and P. scoparia, OA was 
highest at DS2 (Table 7.3).  
 
 
 
Water relations, stomatal characteristics and pigment contents during drought stress  
 
134
Table 7.2: Mean values of leaf water (Ψl) and osmotic (Ψπ) potential, both expressed in MPa, for 
each of the three different species involved in this experiment. Each mean value is calculated from 
three replications. Different letters denote statistically differences at the 5% level. The first letter 
denotes statistically significant differences between the different drought stress levels for a certain 
species during a certain experimental week. The second letter denotes statistically significant 
differences between species for a certain drought stress level during a certain experimental week. 
CT, DS1, DS2 and DS3 indicate the different applied drought stress levels, with an osmotic potential 
of the nutrient solution of -0.1, -0.6, -1.2 and -1.8 MPa, respectively; SW: stress week; RW: 
recovery week; CL: complete loss of leaves; underlined data show measurements on remaining 
leaves which are at least partly wilted; see text for more explanation 
Ψl  Ψπ  
P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia
SW1 
CT -1.60c,a -1.99ba,a -2.12b,b  -2.81b,a -2.89b,a -3.19b,a 
DS1 -2.35b,a -2.58a,a -2.50a,a  -3.86a,a -3.37b,a -3.32b,a 
DS2 -3.08a,a -2.10b,b -2.94a,a  -4.50a,a -3.40b,b -4.19a,a 
DS3 -3.05a,a -2.63a,a -2.85a,a  -3.62ab,a -4.11a,a -3.64ab,a 
 
SW2 
CT -1.77c,a -1.74b,a -2.02b,a  -2.58a,a -2.30a,a -2.54b,a 
DS1 -2.23ac,a -2.10ab,a -2.51ab,a  -2.65a,a -2.89a,a -3.38a,a 
DS2 -3.28b,a -2.62ab,a -2.60ab,a  -3.57a,a -3.00a,a -3.42a,a 
DS3 -3.09ab,a -2.82a,a -2.99a,a  -3.23a,a -3.11a,a -3.55a,a 
 
RW1 
CT -1.61b,a -1.59b,a -1.94a,b  -4.04a,a -3.59a,a -3.38b,a 
DS1 -2.30a,a -2.13a,a -2.23a,a  -3.82a,a -3.87a,a -4.03ab,a 
DS2 -2.64a,a -2.15a,a -2.24a,a  -4.35a,a -3.25a,b -4.36a,a 
DS3 -2.84a,a -2.20a,a -2.86a,a  -3.96a,a -4.10a,a -3.98ab,a 
 
RW2 
CT -1.43c,a -1.52c,a -1.98a,b  -3.03b,a -3.23a,a -3.69a,a 
DS1 -1.92b,a -1.77bc,a CL  -3.73ab,a -2.94a,a CL 
DS2 -2.56a,a -1.89ab,b CL  -4.13a,a -2.79a,b CL 
DS3 -2.54a,a -2.14a,b CL  -4.21a,a -3.44a,a CL 
 
RW3 
CT -1.94a,a -2.02a,a -2.05a,a  -3.68a,a -3.53a,a -3.77a,a 
DS1 -2.18a,a -2.03a,a CL  -3.48a,a -3.37a,a CL 
DS2 -2.39a,a -1.97a,b CL  -4.15a,a -3.07a,b CL 
DS3 -1.96a,a -1.89a,a CL  -3.46a,a -3.03a,a CL 
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Table 7.3: Mean values of osmotic adjustment, both expressed in MPa, for each of the three 
different species involved in the drought stress experiment. Each mean value is calculated from 
three replications during the stress weeks (SW1 and SW2). Different letters denote statistically 
significant differences at the 5% level between drought stress levels and species, respectively. DS1, 
DS2 and DS3 indicate different applied drought stress levels, with an osmotic potential of the nutrient 
solution of -0.6, -1.2 and -1.8 MPa, respectively 
 P. dulcis P. lycioides P.scoparia 
DS1 0.56a,a 0.53a,a 0.48a,a 
DS2 1.34a,a 0.56a,b 0.94a,a 
DS3 0.73a,a 1.01a,a 0.73a,a 
7.3.2. Stomatal Resistance  
Behaviour of stomatal resistance (rs) was comparable for all three species during 
the course of the experiment. In all species, rs increased with increasing drought 
stress level from control to the second drought stress level (DS2) (Table 7.4).  
For P. dulcis, rs values for all drought stress treatments, between SW1 and both 
RW1 and RW2 were significantly different. For all weeks, rs values measured for the 
control were lower than those of the drought stress treatments (Table 7.4). For P. 
lycioides, rs values were significantly different between SW1 and all three recovery 
weeks for all drought stress treatments. rs values were significantly different for P. 
scoparia for all drought stress treatments during the course of the experiment.  
According to Table 7.5, rs for all species and for all experimental weeks increased 
for the different drought stress levels. For rs, during SW1 for all three species, no 
significant differences were observed between CT and DS1 except for P. scoparia 
but also no significant differences were observed between DS2 and DS3. For all 
three species, rs was significantly different between CT and both DS2 and DS3, but 
not between CT and DS3 for P. lycioides. In SW2 just as for SW1, rs of all species 
was significantly different between CT and DS2 (Table 7.5) 
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Table 7.4: Mean values of stomatal resistance expressed in s m-1, for each of the three different 
species involved in the drought stress experiment. Each mean value is calculated from three 
replications. Different letters denote statistical differences at the 5% level between the different 
experimental weeks, for a certain drought stress level and species. CT, DS1, DS2 and DS3 indicate 
different applied drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, 
-1.2 and -1.8 MPa, respectively; SW: stress week; RW: recovery week; CL: complete loss of leaves; 
MLPW: main loss of leaves and remaining leaves at least partly wilted; underlined data show 
measurements on remaining leaves which are at least partly wilted; see text for more explanation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In all three recovery weeks and for all three species, stomatal resistance was 
significantly different between CT and all three drought stress treatments (Table 
7.5). 
For SW1, rs between P. lycioides and both P. dulcis and P. scoparia in CT, and 
between P. dulcis and P. scoparia in DS1 and DS3 were significantly different. 
Stomatal resistance during SW2 showed significant differences between all three 
species in CT. 
Treatment Species 
CT DS1 DS2 DS3 
P. dulcis 
SW1   56.19a   79.46a 146.42a 176.25a
SW2   85.83b   67.42a 258.17b 135.33a
RW1   68.50c 260.22b 612.22c 656.55b
RW2   80.33bc 317.83b 538.89d 373.30c
RW3   84.78b 132.89a 253.55b 260.67a
 
P. lycioides 
SW1   79.92a   74.17a 199.92a 177.58a
SW2 183.00b 110.17a 295.83b 214.83a
RW1   92.67c 208.55c MPLW MPLW 
RW2 112.00c 296.68d MPLW  MPLW 
RW3 123.22d MPLW MPLW MPLW 
 
P. scoparia 
SW1   53.00a   55.96a   89.50a 103.47a
SW2 137.33d 144.50b 250.00b 136.00b
RW1   80.89b 190.11c MPLW MPLW 
RW2   83.17b CL  CL CL  
RW3 107.11c CL CL  CL 
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For RW1, rs was again significantly different between all three species in CT. P. 
lycioides and P. scoparia lost their leaves in DS2 and DS3 during RW1. Significant 
differences occurred between P. lycioides and two other species in RW2; and in 
RW3 between P. dulcis and both P. lycioides and P. scoparia. During RW2 and 
RW3, P. lycioides and P. scoparia lost their leaves in DS1 till DS3 treatment.  
No significant correlation was observed between rs obtained by DeltaT AP4 and 
stomatal resistance as measured with a portable IRGA (see chapter 6). 
7.3.3. Stomatal Density 
Stomata for P. dulcis and P. scoparia were only observed on the abaxial side of the 
leaves, whereas in P. lycioides they were observed at both sides of the leaves 
(Figure 7.2). However, for the latter species and for all treatments stomatal density 
was less at the adaxial compared to the abaxial side of the leaves. The observed 
trend in stomatal density was similar for P. dulcis and P. lycioides. However in both 
species, stomatal density decreased with increasing drought stress level even 
though the overall trend was not significant (Table 7.6). 
Stomatal density was significantly different between CT and DS2 for P. dulcis and 
P. lycioides. P. scoparia had the highest stomatal density whereas P. lycioides had 
the lowest stomatal density for CT. For all drought stress treatments, P. lycioides 
had the lowest stomatal density whereas P. dulcis had the highest stomatal 
density. P. scoparia lost its leaves in all drought stress treatments. 
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Table 7.5: Mean values of stomatal resistance expressed in s m-1, for each of the three different 
species involved in the drought stress experiment. Each mean value is calculated from three 
replications. Different letters denote statistically differences at the 5% level. The first letter denotes 
statistically differences between the different drought stress levels for a certain species during a 
certain experimental week. The second letter denotes statistically differences between species for a 
certain drought stress level during a certain experimental week. CT, DS1, DS2 and DS3 indicate the 
different applied drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, 
-1.2 and -1.8 MPa, respectively; SW: stress week; RW: recovery week; CL: complete loss of leaves; 
MLPW: main loss of leaves and remaining leaves at least partly wilted; underlined data show 
measurements on remaining leaves which are at least partly wilted; see text for more explanation 
 P. dulcis P. lycioides P.scoparia 
SW1 
CT 56.19a,a 79.92a,b 53.00a,a 
DS1 79.46a,a 74.17a,ab 55.96b,b 
DS2 146.42b,a 199.92b,a 89.50c,a 
DS3 176.25b,a 177.58ab,a 103.47c,b 
 
SW2 
CT 85.83ac,a 183.00ac,c 137.33a,b 
DS1 67.42a,a 110.17a,b 144.50a,b 
DS2 258.17b,a 295.83b,a 250.00b,a 
DS3 135.33c,a 214.83bc,a 136.00a,a 
 
RW1 
CT 68.50a,a 92.67a,c 80.89a,b 
DS1 260.22b,a 208.55b,a 190.11b,a 
DS2 612.22c,a MPLW MPLW 
DS3 656.55c,a MPLW MPLW 
 
RW2 
CT 80.33a,ab 112.00a,c 83.17a,b 
DS1 317.83b,a 296.68b,a CL 
DS2 538.89c,a MPLW CL 
DS3 373.30b,a MPLW CL 
 
RW3 
CT 84.78a,a 123.22a,b 107.11a,b 
DS1 132.89b,a MPLW CL 
DS2 253.55c,a MPLW CL 
DS3 260.67c,a MPLW CL 
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Figure 7.2: Stomata of (a) P. dulcis (b) P. lycioides and (c) P. scoparia obtained by stomatal imprint 
method (upper panel) and directly from the microscope structure leaves (lower panel) 
 
Table 7.6: Mean values of stomatal density expressed in number mm-2, for each of the three 
different species involved in the drought stress experiment. Each mean value is calculated from 
three replications. Different letters denote statistically differences at the 5% level. The first letter 
denotes statistically significant differences between the different drought stress levels for a certain 
species at the second drought stress week. The second letter denotes statistically significant 
differences between species for a certain drought stress level at the end of the experiment. CT, 
DS1, DS2 and DS3 indicate the different applied drought stress levels, with an osmotic potential of 
the nutrient solution of -0.1, -0.6, -1.2 and -1.8 MPa, respectively; CL: complete loss of leaves 
Species  
P. dulcis P. lycioides P.scoparia 
Abaxial 
CT 207.2a,a 139.1a,b 257.5a,c 
DS1 240.8a,a 122.4ab,b CL 
DS2 175.5b,a 106.0b,b CL 
DS3 177.5b,a 126.6ab,b CL 
Adaxial 
CT 0.00a,a 88.2a,b 0.0a,a 
DS1 0.00a,a 60.2b,b CL 
DS2 0.00a,a 59.4b,b CL 
DS3 0.00a,a 59.1b,b CL 
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7.3.4. Pigment Concentration 
Chlorophyll a (Chla) and b (Chlb) contents were significantly different between DS1 
and both higher drought stress treatments for P. dulcis (Table 7.7). For both other 
species, Chla and Chlb were not significantly different except for P. scoparia 
between DS1 and both higher drought stress treatments. In control conditions, the 
highest Chla and carotenoid concentration was observed for P. scoparia, while P. 
dulcis had the highest Chlb and the lowest carotenoid concentration (Table 7.7 and 
7.8). 
 
Table 7.7: Mean concentrations of chlorophyll a (Chla), b (Chlb), Chla/Chlb and total Chla and Chlb 
expressed in mg g-1 leaf fresh weight, for each of the three different species involved in the drought 
stress experiment. Each mean value is calculated from three replications. Different letters denote 
statistically differences at the 5% level. The first letter denotes statistically significant differences 
between the different drought stress levels for a certain species at the second drought stress week. 
The second letter denotes statistically significant differences between species for a certain drought 
stress level at the end of the experiment. CT, DS1, DS2 and DS3 indicate the different applied 
drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, -1.2 and -1.8 
MPa, respectively 
 
 
 P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia 
Chla  Chlb 
CT 0.86a,a 0.85a,a 1.11ab,a  0.39ab,a 0.36a,a 0.38a,a 
DS1 0.58b,a 0.79a,a 1.19a,b  0.27a,a 0.34a,ab 0.42a,b 
DS2 0.94a,a 0.97a,a 0.79b,a  0.50b,a 0.44a,a 0.35a,a 
DS3 0.81a,a 0.90a,a 0.93ab,a  0.39ab,a 0.38a,a 0.38a,a 
Chlb/ Chlb  Total Chl 
CT 2.20a,a 2.39a,a 2.91a,a  1.25a,a 1.21a,a 1.49ab,a 
DS1 2.13a,a 2.31a,a 2.81ac,b  0.85b,a 1.13a,a 1.61a,b 
DS2 1.87a,a 2.20a,a 2.27b,a  1.44a,a 1.41a,a 1.14b,a 
DS3 2.06a,a 2.35a,a 2.45bc,a  1.21a,a 1.29a,a 1.31ab,a 
Chapter 7 
 
141
P. lycioides had the lowest Chla and Chlb in CT. In general, the highest 
concentrations were observed for chlorophyll a and the lowest for carotenoids, and 
this for all species and drought stress levels (Table 7.7 and 7.8).   
The highest Chl a/b ratio was observed for P. scoparia and the lowest for P. dulcis 
in CT and all drought stress treatments (Table 7.7). 
 
Table 7.8: Mean concentrations of carotenoids expressed in mg g-1 leaf fresh weight, for each of the 
three different species involved in the drought stress experiment. Each mean value is calculated 
from three replications. Different letters denote statistically differences at the 5% level. The first 
letter denotes statistically significant differences between the different drought stress levels for a 
certain species at the second drought stress week. The second letter denotes statistically significant 
differences between species for a certain drought stress level at the end of the experiment. CT, 
DS1, DS2 and DS3 indicate the different applied drought stress levels, with an osmotic potential of 
the nutrient solution of -0.1, -0.6, -1.2 and -1.8 MPa, respectively 
 
 P. dulcis P. lycioides P. scoparia 
CT 0.18a,a 0.23a,ab 0.29ac,b 
DS1 0.12a,a 0.18a,a 0.32a,b 
DS2 0.18a,a 0.20a,a 0.21b,a 
DS3 0.16a,a 0.21a,a 0.21bc,a 
  
 
7.3.5. Photosynthetic Gas Exchange and Leaf Water Status 
Relations 
 As shown in Table 7.9, a negative and significant correlation for all three species 
analysed together and seperatly between mean dark respiration (Rd,m) and mean 
maximal net photosynthesis (Amax,m), transpiration (T), rs and SD was observed 
except for Rd,m and SD for both P. dulcis and P. lycioides; and Rd,m and rs for P. 
dulcis (Table 7.9) Also, significant correlations for all three species analysed 
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together was observed between Ψl and rs; and between Ψl and T. A positive 
correlation between Ψπ and Amax,m was observed for P. dulcis and P. lycioides.  
 
Table 7.9: Bivariate Pearson correlation matrix between maximal net photosynthesis (Amax,m), dark 
respiration (Rd,m), transpiration (T), stomatal resistance (rs), water (Ψl) and osmotic potential (Ψπ) 
for all experimental weeks; stomatal density (SD), chlorophyll a (Chla), chlorophyll b (Chlb), total 
chlorophyll (Chla+b) and carotenoid (Carot.) concentration at the end of stress weeks for all three 
species together and for each species separately. Values of Amax,m, Rd,m, and T are mean values 
calculated for PAR intensities above 1000 µmol m−2 s−1; * and ** indicate statistically significant 
correlations at the 5% and 1% level, respectively. Underlined values show negative correlations 
 Rd,m rs T Ψl Ψπ SD Chla Chlb Chla+b Carot. 
All three species 
Amax,m 0.78** 0.03 0.81** 0.12* 0.01 0.32** 0.05 0.00 0.03 0.07 
Rd,m 1.00 0.12* 0.69** 0.09 0.00 0.51** 0.01 0.02 0.01 0.03 
rs  1.00 0.03 0.21** 0.23** 0.37** 0.01 0.05 0.01 0.07 
T   1.00 0.15* 0.02 0.27** 0.01 0.01 0.01 0.06 
Ψl    1.00 0.34** 0.00 0.00 0.08 0.01 0.02 
Ψπ     1.00 0.02 0.04 0.18* 0.02 0.00 
SD      1.00 0.01 0.00 0.08 0.04 
Chla       1.00 0.56** 0.97** 0.66** 
Chlb        1.00 0.73** 0.10 
Chla+b         1.00 0.51** 
P. dulcis 
Amax,m 0.71** 0.47** 0.74** 0.51** 0.28 0.03 0.01 0.02 0.02 0.06 
Rd,m 1.00 0.33 0.83** 0.50* 0.43* 0.04 0.01 0.06 0.04 0.01 
rs  1.00 0.60** 0.74** 0.43* 0.26 0.08 0.18 0.14 0.00 
T   1.00 0.73** 0.57** 0.15 0.01 0.16 0.00 0.02 
Ψl    1.00 0.68** 0.20 0.00 0.11 0.07 0.00 
Ψπ     1.00 0.10 0.12 0.47* 0.12 0.00 
SD      1.00 0.21 0.09 0.41* 0.29 
Chla       1.00 0.47* 0.91** 0.46* 
Chlb        1.00 0.77** 0.01 
Chla+b         1.00 0.24 
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 Rd,m rs T Ψl Ψπ SD Chla Chlb Chla+b Carot. 
P. lycioides 
Amax,m 0.71** 0.74** 0.68** 0.45** 0.01 0.09 0.04 0.03 0.03 0.10 
Rd,m 1.00 0.90** 0.62** 0.58** 0.00 0.14 0.01 0.00 0.00 0.17 
rs  1.00 0.72** 0.64** 0.00 0.28 0.00 0.02 0.01 0.11 
T   1.00 0.24 0.05 0.27 0.00 0.00 0.00 0.14 
Ψl    1.00 0.06 0.15 0.02 0.05 0.03 0.04 
Ψπ     1.00 0.00 0.05 0.05 0.05 0.00 
SD      1.00 0.01 0.10 0.03 0.11 
Chla       1.00 0.92** 0.99** 0.57** 
Chlb        1.00 0.96** 0.38* 
Chla+b         1.00 0.52** 
P. scoparia 
Amax,m 0.91** 0.92** 0.95** 0.02 0.02 0.91** 0.18 0.01 0.13 0.29 
Rd,m 1.00 0.82** 0.88** 0.00 0.03 0.93** 0.15 0.00 0.11 0.23 
rs  1.00 0.98** 0.00 0.00 0.95** 0.09 0.00 0.06 0.12 
T   1.00 0.00 0.00 0.96** 0.10 0.00 0.07 0.16 
Ψl    1.00 0.37* 0.00 0.00 0.00 0.01 0.03 
Ψπ     1.00 0.00 0.26 0.17 0.25 0.32 
SD      1.00 0.06 0.00 0.04 0.11 
Chla       1.00 0.76** 0.99** 0.88** 
Chlb        1.00 0.84** 0.49* 
Chla+b         1.00 0.82** 
 
 
As can be seen in Table 7.9, a significant positive correlation between all pigment 
concentrations was observed except between Chla and carotenoid for the three 
species analysed together and between Chla and Chla+b for P. dulcis. 
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7.4. Discussion 
Leaf water (Ψl) and leaf osmotic (Ψπ) potential showed a decreasing trend 
(becoming more negative) with increasing drought stress during all drought stress 
weeks and even during the first and second recovery weeks. This behaviour, i. e. 
decreasing Ψl and Ψπ with increasing drought stress, was described as a 
mechanism of plants to survive drought stress conditions (Hsiao, 1973; Turner, 
1981; Morgan, 1984; Ashraf and Leary, 1996; De Herralde et al., 1998). Drought 
tolerant plants are expected to reach lower leaf osmotic potentials than drought 
sensitive ones when subjected to water deficit conditions as was also reported by 
Levitt (1972); Carter and Patterson (1985); Matin et al. (1989) and Rouhi et al. 
(2004 and 2007).  
Water and osmotic potential values observed in this study were more negative than 
most values reported in literature for almond and some other trees. The most 
negative Ψl (-3.28 Mpa) observed in our study is similar to Ψl (-3.28 Mpa) reported 
by Torrecillas et al. (1988) on Prunus communis during drought stress conditions. 
Torrecillas et al. (1996) also reported middy and predawn leaf water and leaf 
osmotic potential at drought stress conditions to be -2.6, -0.98 and -1.8 Mpa, 
respectively on Prunus dulcis which is comparible to the values observed in this 
study (see Table 7.1). As mentioned before, the lower values of leaf water and leaf 
osmotic potential observed in this study (see Table 7.1) compared to reported 
literature values show that all three wild almond species investigated in our study 
are more tolerant to drought than domesticated almond cultivars. In a comparable 
experiment, Ranjbarfardooei et al. (2002) found the most negative Ψl (-3.1 Mpa) 
and Ψπ (-3.5 Mpa) on Pistacia khinjuk at a drought stress level of -1.6 Mpa. They 
also obtained an osmotic adjustment value of 1.0 Mpa, which is comparable with 
the highest OA (1.34 Mpa) observed in our study. According to our results, leaves 
showed an increasing trend of OA with decreasing Ψs of nutrition solution. Just as 
increasing values for Ψl and Ψπ with increasing drought stress, osmotic adjustment 
has been reported as a mechanism of plants to survive in dry conditions (Hsiao, 
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1973; Turner, 1981; Morgan, 1984; De Herralde et al., 1998). This OA is due to the 
active accumulation of solutes in the cell sap or through passive solute 
accumulation resulting from a reduced cell volume (Morgan, 1994). 
In agreement with our results (Table 7.4), many studies showed that enhanced 
drought stress increased stomatal resistance (Torrecillas et al., 1996, 1999; 
Ranjbarfardooei et al., 2002; Romero et al., 2004a, b; Romero and Botia, 2006; 
Rouhi et al., 2006).  
The highest rs value observed in our experiment was 295 s m-1 for P. lycioides. 
This is comparable to the highest rs (240 s m-1) reported by Zamani et al. (2002) for 
P. dulcis in drought stress conditions. Ranjbarfardooei et al. (2002) observed the 
highest rs (290 s m-1) for pistachio species at most severe (-1.5 Mpa) drought 
stress conditions.  
Highest stomatal density (380 mm-2) is reported by Ranjbarfardooei et al. (2002) for 
Pistacia khinjuk which is higher than the highest stomatal density (257 mm-2) 
observed in our study. Zamani et al. (2002) reported stomatal density in plum (600 
n mm-2) to be three times higher than that in almond, peach and apricot, the latter 
three species having a stomatal density of 200 mm-2. Also, Ferdinand et al. (2000) 
reported range of stomatal density between 233-305 mm-2 on Prunus serotina. 
However, overall stomatal density, which might influence stomatal resistance, did 
not consistently show significant differences between the different drought stress 
levels applied in our experiment. Therefore, differences in stomatal resistance 
between all three species at control and all drought stress levels can be mainly 
attributed to differences in stomatal closure. In arid and semi-arid regions where 
drought stress is the major growth limiting factor, increasing rs and early closing of 
stomata could be advantageous (Sean et al., 1998). The correlation between rs 
and Amax,m was species-dependent, indicating the different drought adaptation 
strategies of the specific species (Table 7.9). A negative correlation was observed 
between rs and Amax,m for P. dulcis (Table 7.9) indicating stomatal closure reducing 
maximal assimilation rate, whereas this might also reduce growth in relation to the 
limited water availability. Stomatal mechanisms are essential for plants to survive 
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drought. These results are in agreement with those of Behboudian (1986) on 
Pistacia vera and Jiastas (1994) on Citrus aurantium and C. vokameriana.  
For both other prunus species here, a positive correlation between rs and Amax,m 
was observed (Table 7.9) but this correlation can be attributed to leave abscission 
resulting in a low number of data used for the calculation of correlations, resulting 
in a high correlation. 
As mentioned before, our results show a negative correlation between stomatal 
resistance and leaf water and leaf osmotic potential (Table 7.9). Indeed, as 
reported by others (Zamani et al., 2002; Ranjbarfardooei et al., 2002), an increased 
drought stress leads to an increased rs, driven by a decreased leaf water status. P. 
dulcis showed the largest change in Ψl, Ψπ and rs in reaction to drought stress. P. 
dulcis also had the largest osmotic adjustment being the difference in Ψπ between 
CT and a certain DS level, indicating the hydrolabile nature of this species 
(Larcher, 2003; Rouhi et al., 2007). Based on gas exchange characteristics, this 
species was classified as drought tolerant and did not shed its leaves (Rouhi et al., 
2007; see Chapter 6). In contrast to P. lycioides only a small amount of leaves was 
(partly) wilted, even at the end of the entire experiment (i.e. drought stress and 
recovery period), and for all DS levels applied. Romero et al. (2004b) mention that 
leaf abscission is commonly observed in different almond species, and can be 
considered as a drought tolerance mechanism [also see e.g. El-Sharkawi and El-
Monayeri (1976) and Goldhamer and Viveros (2000)]. Also, this species has larger 
leaves and a higher leaf area in comparison to both other species studied (Rouhi et 
al., 2007). As P. dulcis has the largest leaf area, the largest leaf size, and leaves 
were not shed, this species showed the largest changes in leaf water status during 
drought stress (see Table 7.1 and 7.2). The lower stomatal density of P. dulcis 
(Table 7.6) is an adaptation to prevent water losses. This species showed a higher 
rs, and a larger osmotic adjustment compared to both other species, which resulted 
in a higher drought stress tolerance. 
The smallest changes in Ψl, Ψπ, rs and osmotic adjustment in reaction to the 
applied drought stress levels, were observed for P. scoparia (see Table 7.1 and 
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7.4), indicating a hydrostable nature, typical for drought avoiding species. Rouhi et 
al. (2007) found comparable results for P. scoparia based on gas exchange 
characteristics. In natural conditions, mature P. scoparia trees loose their leaves in 
conditions of soil water deficiency, in order to avoid as much as possible the 
negative drought stress impact. Total leaf abscission, which is a feature that 
drastically reduces transpirational water losses, was observed for P. scoparia in 
this experiment. For this species, leaf abscission occurred earlier and lasted longer 
when the applied stress level was more severe. This species also has green 
stems, indicating that stem photosynthesis might play an important role in the plant 
so that this species can survive drought even without leaves (Rouhi et al., 2006). 
Even after three recovery weeks P. scoparia did not produce any new leaves 
(Rouhi et al., 2006).  
P. lycioides showed an intermediate behaviour for the plant characteristics, 
compared to both other species. Not all leaves of P. lycioides were shed, but the 
remaining leaves were at least partially wilted. This species has two kinds of 
leaves, namely big and small-sized leaves, each with a different thickness. In 
unstressed conditions both kinds of leaves are occurring on the plants, whereas 
under drought stress conditions, the larger and thinner leaves were preferentially 
shed to reduce water loss by reducing leaf area. In addition, P. lycioides has 
numerous white hairs on both sides of the leaves to protect leaves from high light 
intensity, temperature and transpiration. In comparison, leaves of P. lycioides were 
smaller than those of P. dulcis. By these anatomical and morphological features, P. 
lycioides tried to avoid drought stress. P. lycioides kept part of its leaves alive and 
had an intermediary water potential (see Table 7.1) in comparison to both other 
species. P. lycioides produced new leaves, and its water potential recovered during 
the three recovery weeks (see Table 7.1) especially during RW3. So, the reported 
plant water potential characteristics support the drought stress categorisation of the 
considered species, based on leaf abscission and leaf morphology, as discussed 
above and based on gas exchange characteristics as found by Rouhi et al. (2007).  
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Our results have also been insisted by e.g. Girona et al. (1993), Torreillas et al. 
(1996), Marsal et al. (1997), Giorio et al. (1999) and Moriana et al. (2002) on olive 
and Romero et al. (2004a, b), Romero and Botia (2006) and Rouhi et al. ( 2007) on 
almond.  
As it was shown in Chapter 6 tolerant and resistant plants according to Levitt 
(1980) classification of drought, P. dulcis has based on gas exchange, and the 
ovserved largest osmotic adjustment, quicker and earlier closing of the stomata, a 
hydrolabile nature, P. dulcis is the species most tolerant to drought. P. scoparia 
had an early and complete leaf abscission, the smallest osmotic adjustment, 
indicating a hydrostable nature of this species, trying to avoid drought. For P. 
lycioides an intermediate behaviour for the mentioned plant water-status 
characteristics was observed compared to both other species.  
Based on the correlations observed in Table 7.9, leaf water potential and rs are 
best correlated with the leaf gas exchange parameters. This means that leaf water 
potential and rs are good indicators of drought stress effects on leaf gas exchange, 
and thus biomass productivity. This is a promising result as especially rs is rather 
easy to measure with a portable porometer in laboratory and field conditions. 
  
 8.Chapter 8  
 
 
PLANT GROWTH PARAMETERS IN THREE 
ALMOND SPECIES DURING DROUGHT 
STRESS AND SUBSEQUENT RECOVERY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted from:  
Rouhi, V., Samson, R., Lemeur, R. & Van Damme, P., 2006. Plant growth 
parameters in three almond species during drought stress and subsequent 
recovery. Europ. J. of Agro., Submitted for publication. 
 
Plant growth parameters during drought stress and subsequent recovery  
 
 
150
Abstract 
Prunus dulcis (Miller) D. Webb (bitter almond) and two wild almond species, P. 
lycioides (Spach) C.K. Schneider and P. scoparia (Spach) C.K. Schneider were 
selected from natural areas in Iran. All three can be used as rootstock, but only P. 
dulcis is actually used for commercial almond production. Three different drought 
stress levels (water potential of the nutrient solution, Ψs = −0.6, −1.2 and 
−1.8 MPa, respectively), and a control treatment (Ψs = −0.1 MPa), were applied 
during 2 weeks, followed by 3 weeks of recovery.   
Leaf area showed significant differences for all three species between the control 
and all three drought stress treatments. Mean leaf area was significantly different 
between P. dulcis and both P. lycioides and P. scoparia for the control and all 
drought stress treatments. The highest leaf area was observed for P. dulcis, the 
lowest for P. scoparia.  
For all three species leaf and trunk dry weight (DW) showed significant differences 
(P<0.05) between control and all three drought stress treatments. Mean values of 
leaf DW were significantly different between all three species for all treatments. 
The highest leaf DW and trunk DW was observed for P. dulcis, the lowest for P. 
scoparia.  
Stem dry weight for P. dulcis and P. lycioides was significantly different between 
control and all three drought stress treatments. For P. scoparia mean values of 
stem dry weight were not significantly different between treatments. Suggesting the 
role of stems in the overall carbon balance of the plant during drought as was also 
suggested by Rouhi et al. (2007). 
For all three species aboveground dry weight and total plant dry weight showed 
statistical significant differences between control and all three drought stress 
treatments.  
For P. dulcis, specific leaf area was not significantly different between the control 
and all three drought stress treatments, whereas for P. lycioides and P. scoparia 
significant differences were observed between the control and all three drought 
Chapter 8 
 
151
stress treatments. Mean specific leaf area values were significantly different 
between all three species for all drought stress treatments.  
Leaf area ratio, defined as leaf area to total plant dry weight, was significantly 
different between the control and all three drought stress treatments. Mean Leaf 
area ratio values were significantly different between all three species for the 
control and all drought stress treatments. Between all aboveground and 
belowground parameters are positive significant correlations.  
In conclusion and accourding to Rouhi et al, 2007, P. dulcis can be classified as 
species most tolerant to drought as based on all mentioned growth parameters, 
gas exchange, and osmotic adjustment. All these parameters indicate a hydrolabile 
nature. P. scoparia had complete leaf abscission in reaction to drought stress, the 
smallest osmotic adjustment, indicating a hydrostable nature of this species, and 
changing photosynthesis source tries to avoid drought. P. lycioides had partly 
bigger leaves defoliation and leaf anatomical changing found an intermediate 
behaviour for the mentioned plant water-status characteristics compared to both 
other species that tries to avoid drought. Besides P. dulcis, also P. lycioides seems 
to have some potential for use as rootstock for commercial almond production.  
 
 
 
 
 
 
Keywords: PEG 6000, growth parameters, Leaf area, Leaf specific area, Leaf area 
ratio 
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8.1. Introduction 
Even though in chapter 6 we reported there exists some variation in how almond 
species cope with drought stress, almond trees are generally thought to be drought 
resistant (Fereres et al., 1981; Castel and Fereres, 1982; Torrecillas et al., 1988; 
Wartinger et al., 1990, De Herralde et al., 2003; Rouhi et al., 2007). They occur in 
many regions with a Mediterranean climate and even in semi-arid zones with an 
annual precipitation of less than 200 mm (El-Sharkawi & El-Monayeri 1976).  
Plants react to water deficits by physiological, morphological and developmental 
mechanisms adaptation. Because plant growth is the result of cell division and 
enlargement, drought stress directly reduces growth by decreasing CO2 
assimilation and reducing cell division and elongation. Productivity of crops under 
drought stress is strongly related to the processes of dry matter partitioning in the 
plant and the spatial and temporal root distribution.  
The development of plant leaf area is controlled by the amount of assimilates 
allocated to the leaves and determines radiation interception, and therefore 
transpiration and assimilate production (Jones, 1992; Campbell and Norman, 
1998). Drought stress mostly reduces leaf growth and increases at least relatively 
dry matter allocation into the root fraction, leading to a declining shoot root ratio 
with increasing drought stress (Brouwer, 1983; O’Toole and Bland, 1987; Wilson, 
1988; Setter, 1990; Kage et al., 2004). The effect of drought stress on growth is 
most evident on cell wall expansion because cell enlargement involves the 
extensibility of the cell wall under turgor pressure. Therefore, any loss in turgor 
pressure as a consequence of the imbalance in plant water content could result in 
reduced growth (Kramer, 1983; Pugnaire and Valladares, 1999). These 
mechanisms may result in drought escape, or tolerance, avoidance and 
postponement of dehydration (Hsiao, 1973; Bradford & Hsiao, 1982; Jones, 1992; 
Heilmeier et al., 2002). Dehydration postponement can either be the consequence 
of the maintenance of water uptake by an increased root density and rooting depth, 
osmotic adjustment of the roots and leaves and a high hydraulic conductivity within 
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the soil-plant system, or else is the result of a reduction in water loss due to 
stomatal closure or a reduction in leaf area (Passioura, 1982; Schulze, 1986; 
Turner, 1986; Hsiao & Xu, 2000; Heilmeier et al., 2002). A larger reduction of shoot 
growth compared to root growth with water shortage has also been found for a 
number of woody species (Kozlowski 1982, Sands & Mulligan 1990, Ericsson et al. 
1996).  
Also, drought stress indirectly reduces nutrient absorption by roots and transport 
from root to shoots because of restricted transpiration rates and impaired active 
transport and membrane permeability (Zayed and Zeid, 1998). Nutrients are less 
mobile in a drying soil because the pores between soil particles are replaced by air 
and the pathway from the soil to the surface is less direct (Osmond et al., 1987). 
Knowing that the rate of ion diffusion to the root is very often the step limiting 
nutrient absorption, a decrease in soil water availability can affect plant growth. 
However, drought stress limits growth phenomena more strongly than it limits 
nutrient absorption (Pessarakli, 1999). Water limitation not only reduces growth like 
leaf and stem expansion but also has negative impact on yield, e. g. by decreasing 
fruit size in fruit crops (Sami Karim, 1992). Goldhamer et al. (1984) mentioned that 
low soil water potential showed significant effects on vegetative growth and crop 
yield in Pistachio vera.  
The objective of this study is to compare behaviour of plant growth parameters of 
two wild almonds (P. lycioides and P. scoparia) with the commonly studied P. 
dulcis Mill. (bitter almond), after drought stress build-up, representative for natural 
Iranian conditions and induced by Polyethylene Glycol 6000 (PEG 6000), and a 
subsequent recovery period. P. lycioides and P. scoparia are chosen for their 
potential as rootstock for commercial almond production; while P. dulcis is already 
commonly used for their purpose.  
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8.2. Material and Methods 
8.2.1. Plants and Experimental Conditions 
Plants and experimental conditions are similar to those presented in § 6.2.1.  
8.2.2. Plant Growth Parameters  
At the end of the experiment, after the third recovery week, seedlings were 
harvested. Aboveground structures were separated into different parts including 
leaf, stem (secondary shoot) and trunk (primary shoot). Leaf area (LA) per plant 
was determined by means of a planimeter (Li-3000, LI-COR, Lincoln, Nebraska). 
After measurement of leaf area, leaves and other plant parts were put in an electric 
oven (VISMARA, HVL 1000, Italy) and dried at 70 °C for 48 hours, and 
subsequently at 105 °C for 24 hours (Ranjbarfardooei et al., 2002). Then, plant 
parts were weighed using a digital balance (Sartorius B310S) to obtain leaf, stem 
and trunk dry weight (LDW, SDW and TDW, respectively). Also stem-trunk, STDW 
(stem + trunk), aboveground, ADW (leave + stem + trunk) and total plant dry 
weight, TPDW, were calculated.   
For belowground biomass, roots of each plant were separated from the rest of the 
plant after harvest and carefully washed with tap water. Then, roots were dried in 
an electric oven at 70 °C for 48 hours, and subsequently at 105 °C for 24 hours. 
Finally, roots were weighed again using a digital balance to obtain dry root weight 
(DRW). Sum of all aboveground and belowground plant parts yielded total dry 
weight (TDW). The ratio of root over stem (RSR), root over trunk (RTR), root over 
stem-trunk (RSTR), specific leaf area (SLA), i.e. leaf area to leaf dry weight (cm2 g-
1), and leaf area ratio (LAR), i.e. leaf area to total plant dry weight (cm2 g-1), were 
calculated on the basis of these data sets.  
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8.2.3. Photosynthetic Gas Exchange Measurements 
For a description of the photosynthetic gas exchange measurements, see § 6.2.3. 
Mean of maximal net assimilation (Amax,m), dark respiration (Rd,m), transportation 
(T) and stomatal conductance derived from the IRGA measurements (gs), are 
calculated for all stress and recovery weeks.  
8.2.4. Statistical Analysis 
All mean data were statistically analysed using a factorial design through SPSS 
(version 11), and mean results were compared by a LSD test at 5% significance 
level. Pearson correlation matrix between all growth parameters was calculated via 
SPSS. 
8.3. Results 
8.3.1. Leaf Area  
Leaf area (LA) showed statistically significant differences for all three species 
between the control (CT) on the one hand and all three drought stress treatments 
at the other. Mean LA was significantly different between P. dulcis and both P. 
lycioides and P. scoparia for the control and all drought stress treatments. In CT 
conditions, no significant difference between P. lycioides and P. scoparia was 
observed, whereas for all three drought stress treatments significant differences 
between these two species were observed through the loss of all leaves by P. 
scoparia (Table 8.1). 
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8.3.2. Biomass 
For all three species, leaf dry weight (LDW) showed statistical significant 
differences between control and all three drought stress treatments except for P. 
lycioides at DS1. Differences were especially pronounced between control and 
second (DS2) and third (DS3) drought stress treatments. Mean values of LDW were 
significantly different between all three species for all treatments, including the 
control and all drought stress treatments (Table 8.2).  
 
Table 8.1: Mean values of leaf area (LA) expressed in cm2, for each of the three species at the end 
of the experiment. Each mean value is calculated from three replications. Different letters denote 
statistical differences at the 5% level. The first letter denotes statistically significant differences 
between the different drought stress levels for a certain species at the end of the experimental 
period. The second letter denotes statistically significant differences between species for a certain 
drought stress level at the end of the experimental period. CT, DS1, DS2 and DS3 indicate the 
different applied drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, 
-1.2 and -1.8 MPa, respectively 
 P. dulcis P. lycioides P. scoparia
CT 1506.7a,a 633.6a,b 150.1a,b 
DS1 1162.2b,a 136.8b,b    0.0 b,c 
DS2   725.1c,a   70.7b,b    0.0 b,c 
DS3   641.8c,a   45.8b,b    0.0 b,c 
 
Stem dry weight (SDW) for P. dulcis and P. lycioides was significantly different 
between control and all three drought stress treatments. Differences were 
especially large between control and the second (DS2) and third (DS3) drought 
stress treatments. For P. scoparia, mean values of SDW were not significantly 
different between control and all drought stress treatments (Table 8.2).  
For all three species, trunk dry weight (TDW) showed statistical significant 
differences between control and all three drought stress treatments except P. 
dulcis at DS1. Differences were especially pronounced between control and both 
second (DS2) and third (DS3) drought stress treatments. Mean values of TDW were 
significantly different between all three species for control and all drought stress 
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treatments except between P. lycioides and P. scoparia at DS1 and DS3 (Table 
8.2).  
 
Table 8.2: Mean values of dry weight (g) of leaves, stems, trunks and roots, for each of the three 
species at the end of experiment. Each mean value is calculated from three replications. Different 
letters denote statistically differences at the 5% level. The first letter denotes statistically significant 
differences between the different drought stress levels for a certain species at the end of the 
experiment. The second letter denotes statistically significant differences between species for a 
certain drought stress level at the end of the experiment. CT, DS1, DS2 and DS3 indicate the 
different applied drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, 
-1.2 and -1.8 MPa, respectively; CL: complete loss of leaves  
 P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia
Leaf  Stem 
CT 9.94a,a 5.50a,b 0.84a,c 
 9.35a,a 7.03a,ab 4.04a,b 
DS1 7.54b,a 3.34ab,b CL 
 7.31a,a 3.01b,b 2.69a,b 
DS2 4.86c,a 2.42b,b CL 
 3.66b,a 3.64b,a 3.02a,a 
DS3 4.23c,a 1.92b,b CL 
 3.66b,a 2.31b,a 3.21a,a 
 
Trunk  Root 
CT 15.79a,a 7.61a,b 4.83a,c 
 32.52a,a 14.8a,b 7.12a,c 
DS1 15.53a,a 4.75b,b 3.01b,b 
 30.78ab,a 9.82b,b 5.45a,b 
DS2 12.42b,a 5.27b,b 3.03b,c 
 23.84b,a 10.1ab,b 5.23a,c 
DS3 12.37b,a 4.66b,b 3.60b,b 
 22.67c,a 7.89b,b 5.68a,b 
 
Root dry weight (RDW) for P. dulcis and P. lycioides were significantly different 
between control and DS3. For P. scoparia, mean values of RDW were not 
significantly different between control and all drought stress treatments. Mean 
values of RDW for control and all drought stress treatments between P. dulcis and 
both other species were significantly different (Table 8.2).  
For all three species, aboveground dry weight (ADW) and total plant dry weight 
(TPDW) showed statistical significant differences between control and all three 
drought stress treatments except for P. dulcis at DS1. Differences were especially 
pronounced between control and both second (DS2) and third (DS3) drought stress 
treatments. Mean values of all mentioned parameters were significantly different 
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between all three species for control and all drought stress treatments except 
between P. lycioides and P. scoparia at DS1 and DS3 (Table 8.3).  
8.3.3. Biomass Ratios 
Although, R/S, R/T, R/(S+T) and R/A were not significantly different between the 
different drought treatments, all ratios except R/T for P. dulcis increased with 
increasing drought stress treatment till DS2. All ratios for the three drought stress 
treatments had higher values than CT for all three species except P. dulcis and P. 
lycioides for R/T, and P. scoparia for R/S. Mean values of R/S ratio were 
significantly different between P. dulcis and both other species; i.e. P. lycioides and 
P. scoparia, for control treatment, whereas for all other drought stress treatments 
significant differences were only observed between P. dulcis and P. scoparia. 
Other parameters mentioned were not significantly different between all three 
species (Table 8.4).  
8.3.4. Specific Leaf Area  
For P. dulcis, specific leaf area (SLA) was not significantly different between the 
control and all three drought stress treatments, whereas for P. lycioides and P. 
scoparia significant differences were observed between the control and all three 
drought stress treatments. Mean SLA values were significantly different between 
all three species for all drought stress treatments (Table 8.5).  
Leaf area ratio (LAR) was significantly different between the control and all three 
drought stress treatments except for P. dulcis at DS1. Mean LAR values were 
significantly different between all three species for the control and all drought 
stress treatments except between P. dulcis and P. lycioides at CT (Table 8.5).  
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Table 8.3: Mean values of aboveground and total plant dry weight (g), for each of the three species 
at the end of experiment. Each mean value is calculated from three replications. Different letters 
denote statistically differences at the 5% level. The first letter denotes statistically significant 
differences between the different drought stress levels for a certain species at the end of the 
experiment. The second letter denotes statistically significant differences between species for a 
certain drought stress level at the end of the experiment. CT, DS1, DS2 and DS3 indicate the 
different applied drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, 
-1.2 and -1.8 MPa, respectively; CL: complete loss of leaves  
 P. dulcis P. lycioides P. scoparia
Aboveground 
CT 35.08 a,a 20.14 a,b 9.71 a,c 
DS1 30.38 a,a 11.10 b,b 5.93 b,b 
DS2 20.94 b,a 11.33 b,b 6.05 b,c 
DS3 20.26 b,a 8.89 b,b 6.81 b,b 
 
Total plant 
CT 67.60 a,a 34.97 a,b 16.83 a,c 
DS1 61.15 a,a 20.92 b,b 11.37 b,b 
DS2 44.78 b,a 21.46 b,b 11.28 b,c 
DS3 42.93 b,a 16.79 b,b 12.49 b,b 
8.3.5. Photosynthetic Gas Exchange, Growth Parameters and 
Leaf Water Status Relations  
In our study, positive significant correlations between LA and LDW, ADW, RDW 
and TPDW were observed (Figure 8.1 and Table 8.6). Between all aboveground 
and belowground parameters there exist positive and significant correlations (Table 
8.6). A positive significant correlation between maximum net photosynthesis (Amax) 
at RW3 (see chapter 6) and LA was also observed (Figure 8.2). 
As can be seen in Table 8.6, no correlation was observed for all three species 
taken together and this for maximal net photosynthesis (see chapter 6) and the 
mentioned growth parameters except for LDW and SDW. However, a significant 
negative correlation between Rd,m and growth parameters was observed except for 
Plant growth parameters during drought stress and subsequent recovery  
 
 
160
RDW (Table 8.6). An overall positive and significant correlation for all three species 
separately was observed between on the one hand Amax,m and the considered 
growth parameters was observed at the other, except for TDW, STDW and RDW 
for P. dulcis; and SDW and RDW for P. scoparia. A negative and significant 
correlation between Rd,m and growth parameters was observed except for TDW, 
STDW and RDW for P. dulcis and RDW for P. scoparia (Table 8.6). As shown in 
Table 8.6, a positive and significant correlation for all three species separately 
between stomatal conductance and transpiration, and the leaf parameters (LA and 
LDW) was observed.  
 
 
Table 8.4: Mean values of root/stem (R/S), root/trunk (R/T), root/(stem+trunk) (R/(S+T)) and 
root/aboveground (R/A) dry weight ratio all expressed in (g g-1) for each of the three species at the 
end of experiment. Each mean value is calculated from three replications. Different letters denote 
statistically differences at the 5% level. The first letter denotes statistically significant differences 
between the different drought stress levels for a certain species at the end of the experiment. The 
second letter denotes statistically significant differences between species for a certain drought 
stress level at the end of the experiment. CT, DS1, DS2 and DS3 indicate the different applied 
drought stress levels, with an osmotic potential of the nutrient solution of -0.1, -0.6, -1.2 and -1.8 
MPa, respectively; CL: complete loss of leaves  
 P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia
R/S  R/T 
CT 3.52 a,a 2.16 a,b 1.79 a,b  2.06 a,a 1.93 a,a 1.49 a,b 
DS1 4.49 a,a 3.35 a,ab 2.10 a,b  2.00 a,a 2.14 a,a 1.80 a,a 
DS2 6.77 a,a 3.15 a,b 1.73 a,c  1.92 a,a 2.06 a,a 1.73 a,a 
DS3 6.57 a,a 3.45 a,ab 2.01 a,b  1.88 a,a 1.69 a,a 1.81 a,a 
 
R/(S+T)  R/A 
CT 1.30 a,a 1.01 a,b 0.81 a,c  0.93 a,a 0.74 a,a 0.74 a,b 
DS1 1.38 a,a 1.29 a,a 0.96 a,a  1.03 a,a 0.89 a,a 0.92 a,a 
DS2 1.49 a,a 1.24 a,a 0.86 a,a  1.15 a,a 0.98 a,a 0.86 a,a 
DS3 1.46 a,a 1.13 a,a 0.95 a,a  1.15 a,a 0.88 a,a 0.95 a,a 
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Figure 8.1: Relationship between leaf area (LA) and (a) leaf dry weight (LDW); (b) aboveground dry weight (ADW); (c) root dry weight 
(RDW); (d) total plant dry weight (TPDW) for the three species considered and for all drought treatments at the end of experiment. Each 
symbol represents a value as given in Tables 8.1, 8.2 and 8.3 
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Table 8.5: Mean values of specific leaf area (SLA) (cm2 g-1) and leaf area ratio (LAR) (cm2 g-1) for 
each of the three species involved in this experiment. Each mean value is calculated from three 
replications. Different letters denote statistically differences at the 5% level. The first letter denotes 
statistically significant differences between the different drought stress levels for a certain species at 
the end of the experimental. The second letter denotes statistically significant differences between 
species for a certain drought stress level at the end of the experiment. CT, DS1, DS2 and DS3 
indicate the different applied drought stress levels, with an osmotic potential of the nutrient solution 
of -0.1, -0.6, -1.2 and -1.8 MPa, respectively; CL: complete loss of leaves 
 P. dulcis P. lycioides P. scoparia  P. dulcis P. lycioides P. scoparia
SLA     LAR   
CT 152.80 a,ab 108.26 a,a 180.90 a,b  22.28a,a 17.13a,a 8.87a,b 
DS1 153.73 a,a   41.31 b,b CL  19.29ab,a   6.62b,b CL 
DS2 151.04 a,a   33.23 b,b CL  16.19b,a   3.27b,b CL 
DS3 151.71 a,a   27.79 b,b CL  14.98b,a   2.61b,b CL 
 
 
 
 
Figure 8.2: Relationship between maximum net photosynthesis at RW3 (Amax) and leaf dry weight 
(LDW) for the three species considered and for all drought treatments at the end of the experiment. 
Each symbol represents a value as given in Tables 8.2, 6.1 and 6.2 (see chapter 6) 
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Table 8.6: Bivariate Pearson correlation matrix between growth and echophysiological parameters for all three species together and for each 
species separately. [leaf area (LA), leaf dry weight (LDW), stem dry weight (SDW), trunk dry weight (TDW), stem+trunk dry weight (STDW), 
root dry weight (RDW) and aboveground dry weight (ADW) at the end of experiment; mean values of maximal net photosynthesis (Amax,m), 
dark respiration (Rd,m), stomatal conductance derived from the IRGA measurements (gs) and transpiration (T) for all experimental weeks]. 
Mean values of Amax,m, Rd,m, gs and T are calculated from measurements at PAR intensities above 1000 µmol m−2 s−1; * and ** indicate 
statistically significant correlation at the 5% and 1% level, respectively. Underlined values indicate negative correlation. 
 LDW SDW TDW STDW ADW RDW TPDW Amax,m Rd,m gs T 
All Three species 
LA 0.90** 0.72** 0.85** 0.93** 0.95** 0.83** 0.93** 0.07 0.19** 0.09 0.04 
LDW 1.00 0.67** 0.75** 0.83** 0.92** 0.75** 0.87** 0.11* 0.21** 0.12* 0.07 
SDW  1.00 0.50** 0.74** 0.75** 0.45** 0.61** 0.19** 0.30** 0.25** 0.17* 
TDW   1.00 0.94** 0.91** 0.91** 0.95** 0.02 0.11* 0.03 0.01 
STDW    1.00 0.98** 0.85** 0.95** 0.06 0.19** 0.09 0.04 
ADW     1.00 0.85** 0.96** 0.08 0.20** 0.10 0.05 
RDW      1.00 0.96** 0.02 0.11 0.03 0.01 
TPDW       1.00 0.05 0.16* 0.06 0.02 
Amax,m        1.00 0.78** 0.90** 0.81** 
Rd,m         1.00 0.72** 0.69** 
gs          1.00 0.89** 
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 LDW SDW TDW STDW ADW RDW TPDW Amax,m Rd,m gs T 
P. dulcis 
LA 0.97** 0.86** 0.56** 0.78** 0.92** 0.36** 0.77** 0.55* 0.40* 0.56** 0.62** 
LDW 1.00 0.77** 0.47* 0.68** 0.85** 0.35* 0.72** 0.57** 0.39* 0.52** 0.56** 
SDW  1.00 0.72** 0.94** 0.95** 0.38* 0.80** 0.42** 0.32** 0.60** 0.60** 
TDW   1.00 0.91** 0.80** 0.45* 0.76** 0.14 0.21 0.31 0.47* 
STDW    1.00 0.96** 0.44* 0.84** 0.30 0.29 0.50* 0.59** 
ADW     1.00 0.45* 0.87** 0.42* 0.35* 0.55** 0.63** 
RDW      1.00 0.79** 0.27 0.28 0.34 0.49* 
TPDW       1.00 0.42* 0.38* 0.54** 0.68** 
Amax,m        1.00 0.71** 0.87** 0.74** 
Rd,m         1.00 0.65** 0.83** 
gs          1.00 0.82** 
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 LDW SDW TDW STDW ADW RDW TPDW Amax,m Rd,m gs T 
P. lycioides 
LA 0.82** 0.86** 0.55** 0.78** 0.84** 0.77** 0.89** 0.37* 0.81** 0.49* 0.41* 
LDW 1.00 0.83** 0.48** 0.73** 0.86** 0.56** 0.80** 0.45* 0.73** 0.51** 0.38* 
SDW  1.00 0.73** 0.95** 0.97** 0.72** 0.95** 0.52** 0.82** 0.53** 0.43* 
TDW   1.00 0.90** 0.81** 0.51** 0.74** 0.45* 0.66** 0.51** 0.39* 
STDW    1.00 0.97** 0.68** 0.93** 0.53** 0.81** 0.56** 0.44* 
ADW     1.00 0.68** 0.95** 0.53** 0.83** 0.58** 0.45* 
RDW      1.00 0.87** 0.35* 0.76** 0.35* 0.28 
TPDW       1.00 0.50* 0.88** 0.53** 0.42* 
Amax,m        1.00 0.71** 0.82** 0.68** 
Rd,m         1.00 0.75** 0.62** 
gs          1.00 0.92** 
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 LDW SDW TDW STDW ADW RDW TPDW Amax,m Rd,m gs T 
P. scoparia 
LA 0.91** 0.40* 0.69** 0.60** 0.72** 0.17 0.66** 0.90** 0.83** 0.95** 0.97** 
LDW 1.00 0.26 0.60** 0.47* 0.61** 0.15 0.57** 0.92** 0.78** 0.93** 0.91** 
SDW  1.00 0.65** 0.89** 0.82** 0.02 0.47* 0.25 0.37* 0.26 0.28 
TDW   1.00 0.91** 0.94** 0.02 0.51** 0.49* 0.53* 0.60** 0.58** 
STDW    1.00 0.98** 0.02 0.55** 0.41* 0.50* 0.47* 0.47* 
ADW     1.00 0.04 0.61** 0.54** 0.59** 0.60** 0.59** 
RDW      1.00 0.60** 0.13 0.09 0.14 0.14 
TPDW       1.00 0.49* 0.45* 0.55** 0.54** 
Amax,m        1.00 0.91** 0.95** 0.95** 
Rd,m         1.00 0.80** 0.88** 
gs          1.00 0.97** 
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8.4. Discussion 
Growth parameters of all plant species were reduced with increasing drought 
stress but the amount of reduction was species-dependent and is related to the 
drought resistance of the specific species. Growth reduction in response to drought 
as observed in our experiment for all three almond species, has also been reported 
for other species, e.g. Smart and Coombe (1983) on grape; Robinson et al. (1990), 
Fernandez et al. (1997a) and Konopacki & Treder (1997) on apple; Girona et al. 
(1993) and Treder et al. (1997) on almond; and Boland et al. (1994) and Chalmers 
et al. (1981) on peach.  
Leaf growth is one of the most sensitive processes in plants. Therefore, as a 
reaction to drought stress a reduction in leaf expansion rate usually occurs before 
any observed reduction in photosynthesis or growth of other plant organs (Boyer, 
1970; Westgate and Boyer, 1985; Saab and Sharp, 1989). Romero et al. (2004b) 
mentioned that leaf abscission is commonly observed in different almond species, 
and can be considered a drought resistance mechanism [also see e.g. El-Sharkawi 
and El-Monayeri (1976), Goldhamer and Viveros (2000) and Rouhi et al. (2007)]. 
Overall growth reduction was significantly related to a decrease in LA (Figure 8.1 
and Table 8.6) but also associated with a decrease in all other measured 
aboveground (LDW, SDW, STDW, and ADW) and belowground biomass 
components (Table 8.6). As shown in Figures 8.1 and 8.2 and Table 8.6, LA and 
assimilation are not only positively related with aboveground biomass but are also 
positively related with belowground biomass. In fact, plants adjust their balance 
between aboveground and belowground biomass to optimise their drought stress 
resistance.  
Following numerous studies on woody species, the overall growth reduction as 
observed in our experiment can be attributed to a decrease in aboveground 
biomass as compared to belowground biomass (e.g. Kozlowski, 1982; Sands and 
Mulligan, 1990; Ericsson et al., 1996; Kozowski and Pallardy, 1997; Rigling et al., 
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2003). For a plant subjected to drought stress, it is crucial to keep belowground 
root biomass in a healthy and ‘steady’ condition, in order to maximize take up of 
water and nutrients as soon as the occasion arises. Sharp and Davies (1979) 
found that under drought stress conditions, solutes accumulates in the root tips, 
and consequently, water is attracted to the root tip area to maintain as much as 
possible optimal plant metabolism.  
In general, both aboveground and belowground plant biomass depend to a large 
degree on each other because root absorption and leaf assimilation are closely 
correlated (Kozlowski, 1982). The amount of reduction, due to drought stress, in 
plant growth parameters values is different among species (Pelleschi et al., 1997). 
Root growth is generally less sensitive to drought stress compared to other 
biomass components, as explained above, but differences occur between different 
functional types. Woody species are less sensitive, but perennials and shrubs with 
a herbaceous texture have a higher sensitivity (Schulze et al., 1983; Creelman et 
al., 1990; Osorio et al., 1998; Hsiao and Xu, 2000). A larger reduction of leaf and 
shoot growth compared to root growth with drought stress (see Table 8.3) has 
been found for a number of woody species (Kozlowski, 1982; Sands and Mulligan, 
1990; Ericsson et al., 1996; Heilmeier et al., 2001).  
Studies have shown that drought stress can affect the growth of plant organs 
differently, which may result in alteration of the plants morphological features 
(Spollen et al., 1993; French and Turner, 1991; Turner, 1997). An increase in root 
to shoot ratio has been proposed as one of the mechanisms involved in the 
adaptation of plants to drought stress (Turner, 1997), and is frequently observed 
(Finn and Brun, 1980; Chartzoulakis et al., 1993). Drought stress reduces both root 
and shoot growth. However, as mentioned before, the growth of the root system is 
less affected because maximising water uptake via roots is crucial for surviving 
drought stress conditions.  
Increasing R/S, R/T, R/ST and R/A ratios in drought stress conditions (see Table 
8.4) are related to a decrease in aboveground biomass, especially leaf biomass, 
which is larger than the decrease in belowground biomass. Drought stress often 
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leads to a decrease in leaf dry weight ratio (leaf dry weight/total plant dry weight) in 
many plant species (Van Den Boogard et al., 1996; Liu and Stutzel, 2004), and 
was also observed in our study (Table 8.4). The ratio of leaf area to root dry weight 
reflects the balance between plant organs that govern water loss and uptake. A 
change in this relationship under drought stress may play a role in the control of 
the plant water status (Van Den Boogard et al., 1996; James and William, 1998). 
For the three species studied here, a decrease in the ratio of leaf area to root dry 
weight was observed (see Tables 8.1 and 8.2). This can e.g. indicate a lower root 
activity or a decreased functionality of the xylem due to e.g. drought-induced 
cavitation. The latter then can lead, in case of a constant Huber value (leaf area 
over sapwood area sensu, Larcher, 2003), to a lower leaf area. 
P. dulcis, having the largest aboveground and belowground biomass of the three 
species studied, showed the largest decrease in all plant growth parameters in 
reaction to drought stress (see Tables 8.2 and 8.3). P. dulcis also had the largest 
values for R/T, R/ST, R/A and especially R/S (Table 8.4), and all these values 
increased with increasing drought stress. This means, that the decrease in 
aboveground biomass production of P. dulcis is more than that of both other 
species and more than the decrease in belowground biomass.  
The smallest change in all plant growth parameters in reaction to drought stress 
was observed for P. scoparia. This species had the lowest aboveground and 
belowground biomass (Tables 8.2 and 8.3). P. scoparia also had the lowest values 
for R/T, R/ST, R/A and especially R/S (Table 8.4). However, all these ratios 
increased with increasing drought stress, but these increases were less than those 
observed for P. dulcis. This can be explained because P. scoparia is a slow 
growing species, even in non stressed conditions (see Table 8.2), so that a growth 
reduction due to drought stress is relatively less severe than for a fast growing 
species like P. dulcis (Table 8.2). Another explanation, already suggested by Rouhi 
et al. (2007), could be that P. scoparia continued to photosynthesise by changing 
its way of assimilation, probably from leaves to young chlorophyllous green stems. 
By this mechanism in drought stress conditions, plants loose less water because 
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they shed strongly transpiring leaves, and change these branches for which 
normally transpire less due to anatomical differences in e.g. stomata number and 
epiderm thickness compared to leaves. Stem photosynthesis can then deliver (part 
of) the necessary assimilation products to survive drought stress conditions. 
Therefore, the observed decrease in stem, trunk and root dry weight of P. scoparia 
in response to drought (Table 8.4) was relatively less compared to that of both 
other species. 
According to Barden (1977), specific leaf area (SLA) is related to leaf structure, 
growth and net photosynthesis. Leaf area and specific leaf area are important 
parameters in many agronomic and ecological processes, including 
photosynthesis, transpiration and field energy balance (Hamann, 1979; Givnish, 
1984; Reddy et al., 1989; Skarpe, 1996; Cunningham et al., 1999; Fonseca et al., 
2000). It has been shown that SLA reflects previously captured resources and high 
SLA-values indicate high productivity (Poorter & Van der Werf, 1998; Van der Werf 
et al., 1998; Wilson, et al., 1999). In Table 8.5, it can be seen that SLA of P. dulcis 
and P. scoparia at control conditions were not significantly different although total 
aboveground biomass and total plant biomass were significantly lower for P. 
scoparia compared to P. dulcis (see Table 8.5). This finding is in contrast to the 
observations of Poorter & Van der Werf (1998), Van der Werf et al. (1998) and 
Wilson et al. (1999). SLA of P. dulcis did not change for the applied drought stress 
levels (Table 8.5), which can be explained by the fact that leaves were hardly shed 
during the experiment, and no significant amount of new leaves, with a drought-
adapted anatomy and thus a different SLA was formed. 
P. scoparia had the highest SLA (Table 8.5) of all three considered species in 
control conditions, indicating this species had the thinnest leaves. As P. scoparia 
shed its leaves as reaction to drought stress, these high SLA values reflect the 
compromise between the plant’s willingness to invest in leaves and the production 
of assimilates expected from these leaves.  
For both control and the diffrent drought stress treatments, P. lycioides had the 
lowest SLA. Moreover, in drought stress conditions SLA decreased sharply 
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(between 61.8 and 74.3%). This sharp decrease can be explained by the fact that 
this species has two kinds of leaves, i. e. big and small-sized leaves, each with a 
different thickness. In unstressed conditions, both kinds of leaves are occurring on 
the plants, whereas under drought stress conditions, the larger and thinner leaves 
can be seen to be preferentially shed to reduce water loss by reducing leaf area. 
Carbon assimilation and growth then continue via the remaining smaller and 
thicker leaves, leading to the observed decrease in SLA (Table 8.5). 
Drought stress can directly reduce growth if there is a rapid closing of the stomata. 
Increasing stomatal resistance brings about a decreasing CO2 assimilation and net 
photosynthesis (Kramer, 1983; Pessarakli, 1999; Rieger et al., 2003; Rouhi et al., 
2004, 2007). Drought stress is also known to induce loss of turgor which affects the 
rate of cell expansion and ultimately cell size, and consequently it decreases 
growth, stem elongation and leaf expansion (Hale and Orcutt, 1987).  
In our study, plant growth was reduced by drought stress due to an increased 
stomatal resistance. In Table 7.4 it was demonstrated that drought stress 
increased stomatal resistance. Subsequently, CO2 assimilation and transpiration 
was decreased as can be seen from the negative correlations in Table 8.6. In 
addition, some growth parameters especially leaf area and leaf dry weight 
decreased. Decreasing total plant dry weight under drought stress conditions was 
mainly caused by leaf area reduction. A reduction in leaf area means a reduction in 
assimilation area, and in case of a similar or decreasing assimilation rate (see 
Table 6.1 and 6.2), a decrease of the overall plant’s CO2 assimilation and 
availability (Monteith 1977), eventually leading to a reduction in TPDW (Figure 8.1, 
8.2 and Table 8.6).  
The overall correlation between photosynthetic and growth parameters as shown in 
Table 8.6. is not perfect, and can be attributed to several factors. First, a loss of 
leaf area during the experiment, especially for P. lycioides and P. scoparia, 
reduced LDW, ADW and TPDW, so that the harvested biomass at the end of the 
experiment was not representative for the overall produced biomass during the 
experiment. In addition, conditions during the entire experimental period, i.e. stress 
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and recovery weeks, were not constant. This means that it is not correct to 
correlate an assimilation or dark respiration rate measured at a certain moment 
during the experiment, be it during the stress or recovery weeks, with biomass data 
determined at the end of this experiment. To overcome this problem we used a 
mean assimilation and dark respiration rate (see § 8.2.3 and Tables 6.1 and 6.2). 
The use of a ‘weighted’ mean assimilation or dark respiration rate, where weekly 
values are weighed for their corresponding leaf area (assimilative surface) during 
that week, did not yield better results as compared to Amax,m and Rd,m. Another 
reason why Amax,m and Rd,m are not perfectly correlated with the considered growth 
parameters (Table 8.6), is because measuring the light response gives an 
indication of gas exchange characteristics during standardised conditions. 
However, these measurements do not reveal any information on stomatal 
dynamics, i.e. stomatal opening or closing during the day. Total carbon assimilated 
during a day depends, besides on leaf area as discussed above, on the gas 
exchange characteristics as indicated by Amax,m and Rd,m, but also on the period 
during which plants can assimilate carbon. Besides light availability, which was 
similar for all species during the experiment, this assimilation period, depends on 
stomatal dynamics. These stomatal dynamics were not measured, but it can be 
assumed that these dynamics were not similar for the different investigated species 
due to the differences in observed leaf water and leaf osmotic potential (see Table 
7.1).  
More hydrostable species, like P. scoparia, will close their stomata earlier than 
hydrolabile species, like P. dulcis, which will keep their stomata open for a longer 
period and will thus be able to photosynthesise for a longer period. Finally, plants 
can also use their assimilates, instead of using them for biomass growth, for the 
production of e. g. exudates or volatile organic compounds.  It is well known that 
e.g. isoprenoid (volatile organic compounds) emissions appear to be greatly 
stimulated when plants recover from a number of stress factors, especially drought 
(Sharkey and Loreto, 1993; Rennenberg et al. 2006). 
We observed a positive and significant correlation between leaf parameters (LA 
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and LDW) and maximum net photosynthesis (Amax,m) (Figure 8.2 and Table 8.6) as 
was also shown by other authors (Perry et al., 1983; Terbea et al., 1995; Rieger et 
al., 2003). As mentioned before, however, the relation is species-dependent, and is 
related to the drought resistance of the specific species. The highest correlation 
was observed for P. scoparia (Table 8.6), due to the low leaf area of this species 
(see Chapter 6 and Table 8.1), but also indicating the subtle balance between leaf 
shedding and carbon assimilation via leaves.  
For P. dulcis a high correlation was found between Amax,m and leaf parameters 
(Figure 8.2 and Table 8.6), because as mentioned before P. dulcis is a hydrolabile 
species which could keep its stomata open for a longer period and could thus 
photosynthesise for a longer period. Photosynthetic assimilates can then be used 
for producing leaf biomass or supporting existing leaf biomass. Moreover, open 
stomata allow the necessary water transport in the plant, and as such support the 
actual leaf area. Probably, wood of P. dulcis contains more functional sapwood (i. 
e. outer part of the woody stem of a tree that conducts water and dissolved 
materials) as evidenced by its anatomy, facilitating the necessary water transport, 
as compared to e.g. P. scoparia, and can thus support more leaf area. This 
functionality, unit leaf area per unit sapwood area, is expressed in the well-known 
Huber value (e.g. Larcher, 2003 as mentioned before). P. dulcis has the largest 
leaf area and the lowest leaf abscission, whereas the reverse was observed for P. 
scoparia. Further research could focus on wood anatomical differences between 
the different species investigated. 
P. dulcis has larger leaves (Rouhi et al., 2007) and a bigger leaf area (Table 8.1) in 
comparison to both others species considered in this study. Also, this species only 
shed some leaves as reaction to the applied drought stress, and kept more leaves 
on the seedlings in comparison to both other species. The largest  change in water 
and osmotic potential, and the largest osmotic adjustment (Table 7.3) (Rouhi et al., 
2007) in reaction to applied drought stress levels was observed for this species, 
indicating a hydrolabile nature, typical for drought tolerant plants (Larcher, 2003; 
Rouhi et al., 2007).  
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P. scoparia has the smallest leaves (Rouhi et al., 2007) and leaf area (Table 8.1) in 
comparison to both others species. A particularly effective reduction of the 
transpiring surface of a plant can take place by partial or complete leaf abscission. 
A number of woody plants like P. scoparia, growing in drought stress regions, shed 
their leaves during the dry season, or in this experiment when applied to drought 
stress (Table 8.1). It is indeed known that chlorophyllous green stem shrubs and 
some succulent stem plants (e.g., Euphorbiaceae, Pachypodiaceae) shed their 
leaves in drought stress conditions (Larcher, 2003). Moreover, the smallest change 
in leaf water and leaf osmotic potential was observed for P. scoparia (Rouhi et al., 
2007). This species also showed the smallest osmotic adjustment in reaction to the 
applied drought stress levels, indicating the hydrostable nature of this species 
(Rouhi et al., 2007). 
P. lycioides has medium sized leaves (Rouhi et al., 2007) and a medium leaf area 
(Table 8.1) in comparison to both other species. Also, this species lost its leaves, 
whereas leaves that were not shed were at least partly wilted. So in total, this 
species had less remaining leaves on the seedling in comparison to P. dulcis. This 
species also showed intermediate behaviour for water and osmotic potential, and 
osmotic adjustment compared to other species (Rouhi et al., 2007). Therefore, P. 
lycioides had a medium variability and reduction for all mentioned growth 
parameters compared to both other species. 
In conclusion, and agreement with Chapter 6, P. dulcis can be classified as the 
most drought tolerant species, according to Levitt (1980), as based on all 
mentioned growth and gas exchange parameters, and osmotic adjustment. All 
these parameters indicate a hydrolabile nature. P. scoparia had completely shed 
its leaves in reaction to drought stress, and it showed the smallest osmotic 
adjustment, indicating a hydrostable nature of this species. Moreover, it seems that 
biomass production of P. scoparia during drought relies on stem photosynthesis. P. 
lycioides showed an intermediate behaviour in respect to growth under drought 
stress conditions. This intermediate behaviour is e.g. reflected in the presence of 
two types of leaves of which the ones with the higher SLA are preferentially shed 
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during drought. Based on the high correlation observed in Table 8.6, it seems that 
Amax,m, Rd,m, T and gs are the gas exchange parameters for most corrected with 
growth parameters. This means that measuring Amax,m, Rd,m, T and gs can serve as 
first proxy for growth of almonds under drought stress conditions.   
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9.Final Conclusions 
To our knowledge only a few studies have been done on seed dormancy and 
germination of wild almond (Prunus spp.). Since wild almond is used as a rootstock 
for domesticated almond (Prunus dulcis) and has an important role in fighting 
desertification and providing products for human consumption, optimising its 
germination process is very important. In general, germination primarily depends 
on the effectiveness of a scarification treatment in making the seed coat or 
endocarp permeable to water without damaging the embryo. The mechanical 
scarification technique that was used in our experiment was new for this plant 
species, so it was impossible to know a priori whether it would be effective or not. 
We finally observed that after scarification, germination rate had decreased, as 
compared to non-scarified seeds. It was also observed that scarified seeds, which 
did not germinate, had a black colour on or near the scarified place. This shows 
that scarification using a mechanical device, may have damaged the embryo, 
which in turn explains the low germination percentage in scarified seeds. It is not 
known whether this damage is due to injury to the embryo at cracking, scraping or 
removing the endocarp or whether some other factors are involved. This method of 
mechanically cracking the shell to improve germination is therefore not 
recommended for P. scoparia.   
Among the different other methods used in breaking dormancy, cold stratification is 
one of the most important and useful approaches for inducing proper germination 
of stone fruits, especially almond. During our study significant differences were 
observed for the different stratification durations on the time needed to initiate 
germination in P. scoparia. Cold treatment, especially cold duration at 9-10 °C, 
yielded good results for germination and seedlings growth. However, scarification 
which was also carried out in this study, did not have a positive effect compared to 
non-scarification for germination percentage, endocarp opening, mean germination 
time and radical length parameters.  
Whereas, scarified seeds could be used if incubated at 4-5 °C, non-scarified seeds 
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had better results than scarified seeds when incubated at 9-10 °C for 90 days cold 
duration treatment. Cold treatments, especially cold duration yielded good results 
for germination percentage, seedling growth and physiological activities.  
 
Stratification (moist chilling) at 7 °C yielded better results in comparison to a higher 
temperature treatment (22 °C). In addition, high germination percentage, seedling 
length and stem number in wild almond (Prunus scoparia) seeds were obtained 
after application of gibberellic acid. In this experiment gibberellic acid application 
gave better results than moist chilling but differences were not significant and 
therefore we recommend moist chilling at 7 °C without gibberellic acid application 
for commercial purposes. However, when used, gibberellic acid application at high 
temperature (22 °C) and at a concentration of 500 ppm seems to be most suited.  
 
The selection of the best rootstock, based on ecophysiological drought stress 
characterisation, is of utmost importance to optimise production in dry 
environments. Apart from P. dulcis, P. lycioides and P. scoparia are also used as 
rootstock in Iran for P. dulcis propagation, but only P. dulcis is actually used as 
rootstock for commercial almond production.  
It was shown that the three investigated species clearly differed in their response to 
drought. P. dulcis is classified as tolerant to drought based on photosynthetic gas 
exchange, the largest osmotic adjustment indicating the hydrolabile nature of this 
species, and a quicker and earlier stomata closing. P. scoparia avoids drought by 
having the lowest osmotic adjustment indicating the hydrostable nature of this 
species. Moreover, a quick and complete leaf abscission observed in this species 
is linked to the ability of the P. scoparia to change its photosynthesis source from 
leaves to stem when subjected to drought stress. P. lycioides displayed an 
intermediate behaviour for the mentioned plant characteristics compared to both 
other species.  
Also, all studied growth parameters for the three considered species showed a 
similar trend in their ecophysiological parameters such as photosynthetic gas 
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exchange, water status and stomatal characteristics. As an alternative for the 
commonly used P. dulcis, P. lycioides also seems to have some potential as 
rootstock. However, further research on drought stress, scion and rootstock 
compatibility are recommended. 
 
Stomatal resistance measured by a porometer and stomatal density might not be 
good parameters to drought stress investigation. Stomatal resistance showed a 
high variability and measurements on small leaved plants like P. lycioides and P. 
scoparia are difficult. Stomatal density did not show clear changes in our 
experiments because all studied plant species were exposed to drought stress for 
only a relatively short period. Stomatal density can change clearly when plants are 
exposed to long period drought stress conditions, i.e. Stomatal density can change 
when new leaves are performed.   
Pigments, water status, photosynthetic gas exchange and growth parameters 
could be good indices for drought stress evaluation. Pigment parameters could be 
good parameter for drought stress evaluation in controlled experiments like our 
study but in uncontrolled experiment they are affected by many different 
environmental conditions besides drought Leaf water status could be used as a 
drought stress parameter, however its measurements take a long time and require 
stable environmental conditions which are difficult to obtain. Photosynthetic gas 
exchange measurements takes a short measurement time compared to the other 
methods. Moreover, simultaneously with this measurement other parameters such 
as stomatal resistance, internal CO2 concentration, transpiration and water use 
efficiency can be determined. Growth parameters are cheap and easy to measure, 
and thus are also good parameters that can be used in drought stress evaluation in 
controlled environments, for small plants. However it should be mentioned that for 
large plants such as trees, growth parameters are not easy to determine and can 
result in erroneous measurements. 
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Finally, for drought stress evaluation it is proposed that ecophysiological 
characteristics (especially photosynthetic gas exchange and leaf water status) and 
growth parameters are simultaneously studied.   
Future research could focus on the stem photosynthesis related to drought stress, 
salinity stress, and scion and rootstock compatibility. 
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